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ABSTRACT 
An investigation into technologies to detect impaired performance due to driver fatigue 
was undertaken. From this, a new forced-choice stimulus-reaction device was developed 
specifically to detect driver impairment in operators of haul trucks in open cut mines. The 
device was developed in conjunction with personnel from the mining industry to suit the 
harsh conditions of the mining environment. The technology was trialled in three open 
cut mines and in a driving simulator at Murdoch University in Western Australia. Data 
were collected on the performance of drivers and analysed to validate the technology. A 
significant positive correlation was found between measures of reduced operator reaction 
performance and measures of eye closure. It was found that the device detected few false 
alarms and missed few bouts of tiredness as indicated by eye closures. It is suggested that 
the device would be a useful tool to assist with the detection of driver fatigue in open cut 
mining environments.   
 
The forced-choice reaction-monitoring device was used to assess the performance of 
drivers in a gold mine in Kalgoorlie, Western Australia. The fly-in-fly-out haul truck 
drivers worked 14 consecutive 12-hour night shifts, had a day off, then worked 13 
consecutive 12-hour day shifts. A total of more than 3,500 hours of real-time objective 
performance data were collected and analysed. The main findings were that the objective 
performance data showed patterns of low performance that did not fit some of the 
performance data that would be expected from examination of past literature. Many 
findings are discussed in light of these anomalies. Another important finding is that the 
subject’s background and sleep pathology is a possible predictor for poor performance on 
the forced-choice reaction task.  
 
The system was also used to measure the performance of drivers with rising blood alcohol 
levels in a driving simulator. Subjects drank vodka with a mixer while driving for two 
hours starting at both 20:00 hrs and 22:00 hrs, with a week in between the two trials. The 
fatigue monitor detected reaction times slower than 3 SD of baseline performance at low 
levels of BAC. Performance at 22:00 hrs was marginally more impaired than performance 
at 20:00 hrs. Drivers at low BAC levels tended to compensate easier on the reaction task 
at 20:00 hrs compared to at 22:00 hrs. The ARRB fatigue monitor shows good capacity to 
detect poor performance due to low and medium measures of BAC.  
 
The research undertaken within this thesis has provided data that challenges 
contemporary research that generally suggests that time on task is one of the largest 
influences of fatigue at work. It appears that both circadian influences and individual 
lifestyle habits will have an equal or greater impact on fatigue risk at work. Index 
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1  REVIEW OF LITERATURE 
1.1 Background 
The Australian Coal Association Research Program (ACARP) is an organisation that collects 
contributions from the coal industry throughout Australia and distributes the funds toward 
research directed at open cut and underground coal mining. A large portion of the funding is 
used to develop methods of improved coal extraction, lessen environmental impacts, develop 
technological improvements, and increase asset utilisation. Occupational health and safety is 
also an important focus of the research funding.  
A team of researchers from ARRB Transport Research Ltd. and the Institute for Research and 
Safety in Transport, Murdoch University, applied to ACARP for funding to investigate possible 
management and technological solutions to operator fatigue in open cut coal mines. After some 
deliberation, ACARP decided to direct the focus of the research into technological solutions 
alone, feeling that management solutions had been previously explored in some detail. As such, 
a project was commissioned to investigate potential commercially available technologies that 
may be applied in a trial at one or more open cut coal mines.  
1.1.1 Research  Questions 
The research questions required for the following study include the following: 
•  Are there technologies currently available that measure human fatigue through measures 
of physiology, whilst operating machinery in open cut mines? 
•  If so, do these technologies have scientific validation to support arguments for their 
accurate measures of fatigue? 
Stage 1 commenced in 1999 and involved a literature review and liaison with fatigue and 
industry experts, to determine what technologies were commercially available at that time. A 
total of 37 international fatigue and technology experts were contacted. Stage 2 commenced in 
2000 and was to design a suitable fatigue detection technology and a trial to test its practical Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 2 
utility in an open cut coal mining environment. The third and final stage in 2001 was to conduct 
the trial and report the validation findings. The three stages had a project team consisting of Dr. 
Mary Lydon and Nick Mabbott from ARRB Transport Research Ltd. (ARRB TR) and Dr. 
Pauline Arnold and Dr. Laurence Hartley from the Institute for Research in Safety and 
Transport (IRST), Murdoch University. The two personnel from ARRB TR conducted the 
project whilst the two from IRST provided expert advice on the project. 
The third stage of the project included field experiments in open cut mines that are described in 
Chapter 3. Following these experiments, it was decided that experimentation in a driving 
simulator would add data to the scientific validity of the developed system. This is described in 
Chapter 4. 
The outcomes of the three stage project led to the formulation of further research questions: 
•  Will the developed technology be accepted by operators for real-time use? 
•  Can a technology be utilised to measure human performance over successive nightshift 
operations? 
•  Can the same technology also measure performance decrements caused by alcohol 
intoxication? 
The Coal Services Health and Safety Trust funded the experimentation that would lead to these 
questions being addressed. Coal Services are the workers compensation insurer for coal miners 
in Australia and have a keen (and vested) interest in the health and safety of coal miners. 
Further, the organisation publishes and promotes the research outcomes in a series of 
presentations on the east coast of Australia. 
The funding was primarily aimed at using the fatigue monitoring technology to measure the 
performance of haul truck drivers working several consecutive night shift operations of 12 hours 
each shift. It also included measurement of performance at various blood alcohol content (BAC) 
measures on a driving simulator. Mr. Bob Lloyd from ARRB TR assisted with the experiments 
through developing data management programs to analyse the data in short periods of time. Mr. Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 3 
Lloyd has around 40 years of experience in data manipulation and analyses. Nick Mabbott 
conducted the project work. Ms Debbie Cornwell assisted in the alcohol experiment. The two 
experiments are described in Chapters 5 and 6 respectively. 
This thesis is a full account of the three stages of the development project and includes the 
results of the successive night shifts project. It should be noted that Coal Services has published 
the results of the latter project. 
  This thesis is likely to differ somewhat from the standard thesis, due to the many issues 
associated with research and development, and trialling a new technology in a mining 
environment. 
1.1.2 Chapter  Outline 
The following is an outline of the chapters presented in this thesis.  
1.  Chapter 1: Review of Literature 
2.  Chapter 2:  Development of Fatigue Monitor 
3.  Chapter 3: Validation Study – Field 
4.  Chapter 4: Validation Study – Driving Simulator 
5.  Chapter 5: Nightshifts in Succession 
6.  Chapter 6: Alcohol Study 
7.  Chapter 7: Conclusions 
 
1.2  Shiftwork and Circadian Rhythms 
Today’s industries depend largely upon complete utilisation of machinery and rolling stock 
assets (e.g. transport industry, mining, rail, etc). As such, increasingly more industries have 24-
hour operations than in days past. This is more often the rule than the exception in mining as 
haul trucks (for example) cost approximately AU$2.5 million each. Whilst this industrial Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 4 
phenomenon has been developed to bring about the best return for the dollar investment, the 
human worker is increasingly encouraged to work when they should naturally be asleep. 
Humans are naturally diurnal. The human body has a built in mechanism that dictates when it 
should sleep and when it should remain awake. Sleep research has identified these ‘circadian 
rhythms’ and made it clear that humans fight to remain alert when working through periods 
when the body normally rests (e.g. Kalat, 1995; Heslegrave, 1998; Belenky et al. 1998; 
Caldwell & Caldwell, 1998; Dawson et al. 1998). The time period from 00:00 hrs through to 
around 06:00 hrs is when humans naturally obtain the best sleep, with a second, smaller period 
from 12:00 hrs until around 16:00 hrs, referred to as the post-lunch dip. Most humans can work 
adequately through the post-lunch dip if obtaining adequate night sleep prior to day work. 
However, the circadian drive for sleep is very strong during the night period and it is this strong 
influence over the human body to sleep that creates the fatigue risk (D. Dinges, 2000. Personal 
communication). 
Kecklund and Akerstedt (1995) have analysed the likelihood of drivers having a crash at 
different times of the day.  They assert that truck drivers between 03:00 hrs and 05:00 hrs are 
3.8 times more likely to crash than they are throughout the rest of the day. Pack et al. (1995) 
found similar results, although the peak was shown at around 06:00 hrs to 07:00 hrs. The 
findings may have been influenced by an increased traffic flow towards this time of day.  
Folkard (1997) analysed the results of six published trends of fatigue crash data and suggested 
that the time of day/night was a significant factor in the crashes. His transformation of the data 
into z-scores allowed the data to be compared so that large and small data sets could be added 
together without being biased by the sample sizes. The plotting of the data showed a striking 
similarity to circadian patterns of sleep, with the crash peak showing around 02:00 hrs. It would 
be reasonable to assume that had the majority of drivers not crashed by 02:00 hrs, they were at 
risk of doing so through to the end of the early morning period. 
Further research (Gillberg, Kecklund & Akerstedt, 1996) focussed upon comparing professional 
truck driver sleepiness between night and day driving. The four conditions used in the study Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 5 
were: 1) Day driving; 2) Night driving; 3) Night driving with a 30 minute rest, and 4) Night 
driving with a 30 minute nap. The authors found that drivers’ subjective and 
electrophysiological alertness was lower during the night drives compared to day. Their driving 
was also slower at night and had a higher variability of speed and lane position. Interestingly, 
neither the 30-minute nap, nor the 30-minute rest period had an effect on the driving 
performance or electrophysiological sleepiness of the subjects during the night drives. 
Stutts et al. (2003) conducted a population-based case-control study to examine risk factors for 
drivers who have crashed as a result of sleepiness/fatigue. The study utilised 467 drivers who 
crashed as a result of falling asleep or being fatigued, 529 drivers who recently crashed but were 
not judged as asleep or sleepy and 407 drivers who had not recently crashed. The major findings 
of the study were that drivers who had a fatigue related crash had unusual shifts, worked nights 
or had multiple jobs, had a possible sleep disorder or lacked adequate sleep length or quality. 
Harma  et al. (2002) used subjective ratings of fatigue for train drivers and railway traffic 
controllers and found that severe sleepiness was reported 6-14 times higher through the night 
shift compared to the day shift. Severe sleepiness on the morning shift was reported twice as 
much as through day shift. 
Lavie (1986) conducted sleep latency research and concluded that there are times when the 
human will easily get to sleep and other times that he suggests are ‘forbidden zones’. The 
forbidden zone was found to be between 20:00 hrs and 22:00 hrs. Put simply, humans 
attempting to sleep through these periods may find it difficult to get to sleep. Some support of 
this theory is suggested later by Richardson, Miner and Czeisler (1990) with a definition of 
‘second wind effect’ occurring between 07:00 hrs and 12:00 hrs, and 19:00 hrs and 22:00 hrs. 
This ‘second wind’ effect was stated to be periods of high arousal in between periods of low 
arousal. Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 6 
1.3  Sleep Debt, Sleep Pathology and Performance Decrements 
Stutts et al. (2003) found that, when compared to drivers who crashed without a fatigue cause, 
the fatigued drivers slept less hours preceding the crash and as a consequence, were awake for 
longer prior to the crash (one in five were awake for up to 20 hours). In fact drivers who slept 
less than five hours per night on average, increased their chances of being involved in a fatigue 
related crash nearly five times more than being involved in a non-fatigue related crash. Further, 
drivers who had a fatigue related crash were more likely to report having undiagnosed 
symptoms of sleep apnoea, such as stopping breathing during sleep. These findings are 
supported by DeValck and Cluydts (2001), who found that sleep deprived subjects with the 
opportunity for 4.5 hours sleep, performed significantly worse on lane deviation than when the 
same subjects had the opportunity for 7.5 hours sleep.  
Belenky (2003) asserts that sleep: “like the proverbial beans and bullets” is “an item of logistic 
resupply”. When humans have irregular sleep patterns, a sleep debt is incurred. The sleep debt 
will be especially noticeable through the period between 00:00 hrs and 06:00 hrs, and the post 
lunch dip, when the body slows for the two rest cycles. An experiment by Dawson et al. (1998) 
found that in sleep deprived subjects with sustained wakefulness of between 18 and 27 hours, 
performance was decreased to a level equivalent to a blood alcohol reading greater than 0.05%.  
Similar findings have been replicated by Williamson et al. (2000), commencing at 17 hours of 
sustained wakefulness. Belenky et al. (1998) suggests that human mental performance degrades 
in approximately linear fashion, by 25% for every successive 24-hours without sleep.  
Arnold  et al. (1997) found that 5% of the long-haul truck drivers interviewed within their 
research had a fatigue-related event on the trip prior to being interviewed. This included 
nodding off whilst driving. Significantly more of these drivers reported having less than six 
hours sleep prior to the trip. Similarly, Mabbott and Hartley (1998) found that 3.4% of the 
interviewed sample of long-haul drivers reported falling asleep whilst driving on the trip prior to 
being interviewed. However, half of these drivers stated they had eight or more hours of sleep 
prior to trip commencement. This finding suggests that factors other than prior sleep length have Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 7 
an impact on driving in a sleepy state. Within the sample, 27.5% of the drivers reported using 
stimulant drugs other than caffeine (from over the counter to illicit) to assist them to remain 
awake whilst driving. McCartt, Hammer and Fuller (1997) interviewed 593 long haul drivers in 
the US. Nearly half had fallen asleep driving at sometime and a quarter had fallen asleep at the 
wheel during the previous year. 
It should be noted that falling asleep or nodding off whilst operating a vehicle or machine is 
often not the endpoint of the operating shift or drive. A substantial number of drivers will start a 
trip when tired (Maycock, 1996, Fell & Black, 1996) and continue even when they know it is 
unsafe to do so (Brown, 1995, Reyner & Horne, 1998). A study by Lisper, Laurel and van Loon 
(1986) was undertaken to assess sleepy episodes of drivers as they drove continuously around a 
closed-circuit track with dual-control vehicles. Each driver had an experimenter on board to take 
control if need be. The drivers were to continuously drive around the track until they had been 
judged to fall asleep at the wheel on three separate occasions. After the third (judged) sleep at 
the wheel, subjects were asked to get out of the vehicle and move around to increase their 
arousal levels. The study showed that once they recommenced the driving task, there was an 
average of 23 minutes before falling asleep again. Taken together, the willingness to drive when 
sleepy and repeatedly fall asleep after the initial bout of sleepiness presents numerous occasions 
for critical incidents to occur. 
Although sleep may be the endpoint of fatigue, human performance often deteriorates to unsafe 
levels long before sleep (Mackie & Miller, 1978). Hartley and Mabbott (1998) have listed the 
following problems for heavy vehicle operators long before sleep onset as: Slow reactions and 
decisions; Slow control movements; Decreased tolerance for other road users; Poorer judgement 
when overtaking; Poor lane tracking and maintenance of headway speed, and Loss of situational 
awareness. 
It is suggested that subjects are poor at estimating their subjective measure of alertness, as 
indicated in a study by Philip et al. (2003), when 22 male non-professional drivers had self-
rated fatigue correlating poorly with inappropriate line crossings. Carter et al. (2003) studied Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 8 
male professional and non-professional drivers in Sweden and found that sleep debt and self-
perceived sleepiness tended to predict the likelihood of accidents. Hossain et al. (2003) found a 
weak correlation (Pearson’s r = 0.45) between subjective fatigue and sleepiness and stated that 
chronic high fatigue can be a manifestation of an underlying sleep pathology. Their study was 
based upon two groups scoring high or low on the Epworth Sleepiness Scale (Johns, 1991) and 
Fatigue Severity Scale (Krupp et al. 1989). It was shown that those who scored high on the 
scales suffered high levels of sleep pathology.  
Hanowski, Wierwille and Dingus (2003) studied local and short-haul truck drivers and found 
that the majority of critical incidents that occurred during the study were due to a small number 
of drivers. The authors conclude that selection and driver monitoring could improve safety in 
such operations. One of the research methodologies within this thesis (see section 5.1) includes 
a questionnaire for monitoring possible sleep pathology and objective performance. 
One of the highest risk factors from the Stutts et al. (2003) research was the admittance of 
having a history of driving tired. The authors suggest a strong ‘dose-response’ relationship, 
similar to that found in recidivist drink drivers. This finding is of serious concern to the mining 
industry. On numerous occasions, this author has addressed groups of haul truck drivers at 
mines and asked the question: “Have you ever fallen asleep at the wheel of the truck”? It is rare 
for more than one driver in each group (of approximately 20 drivers) to state that they have not. 
Many have stated that they have problems driving the circuits between loading and unloading, 
due to issues such as time of day, not enough sleep, boredom and other problems. They say that 
on many occasions they drift off to sleep as they drive slowly up the ramps of the open cut with 
a full load. The ‘duty of care’ the driver has instilled upon him/her must be called into question 
at this point as the feelings of sleepiness precedes sleep onset (Reyner & Horne, 1998). 
1.4  Self-Administered Fatigue Countermeasures 
The only way to discharge a sleep debt is to sleep; however, many people try to overcome this 
feeling of tiredness with a range of countermeasures. Arnold et al. (1996) and Mabbott and Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 9 
Hartley (1998) have identified a range of countermeasures which Australian truck drivers self-
administer to avoid falling asleep whilst driving. They include: 
•  Short or long naps; 
•  Short breaks (check tyres, walk around truck, etc); 
•  Coffee and other caffeine based stimulant drinks; 
•  Audio stimulation (e.g. CB radio, AM/FM radio, cassette, CD, talking story books); 
•  Stimulant drugs (from herbal stimulants to amphetamine based drugs), and 
•  Smoking cigarettes or chewing gum. 
1.4.1  Research on self-administered fatigue countermeasures 
Ten experienced truck drivers participated in a US study to investigate the effects of 
loading/unloading on driver performance (FHWA, 1999). The results showed that loading and 
unloading for 90 minutes in the morning had an effect on improving the driver’s response to 
crash-likely situations (simulated). Conversely, similar loading/unloading tasks in the afternoon 
resulted in decreased performance. The authors suggest that cumulative fatigue and time of day 
effects are strong enough to counter the short-term benefits of a change of task. Other research 
(Lisper, Laurell & van Loon, 1986, Horne & Foster, 1995) has suggested that short breaks with 
brisk walking do very little to either reduce fatigue onset or rejuvenate tired drivers.  
Caffeinated drinks, coupled with a short nap have been shown to increase driver performance 
after sleep deprived subjects become sleepy (Reyner & Horne, 1997). Similarly, the effects of a 
slow-release caffeine drink was found to reduce lane drifting for subjects who were sleep 
deprived in a simulator task (DeValck & Cluydts, 2001). Even with no sleep deprivation, the 
slow-release caffeine reduced lane deviations, whilst accident liability and speed deviation 
remained unchanged. 
Short naps tend to assist those who become sleepy due to partial sleep deprivation (Horne & 
Reyner, 1996) or through night shift or early morning operations (Gillberg, 1984, Sallinen et al. Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 10 
1998). Purnell, Feyer and Herbison (2002) measured the effects of a short nap taken between 
01:00 hrs and 03:00 hrs of two consecutive night shifts. They found that the effect of the nap on 
night one was positive and assisted in reducing reaction times of subjects, whilst not impacting 
on the following day’s sleep. The effect of the nap for night two was not found to be useful in 
reducing reaction times to tasks performed. These naps that occur during or after a work period 
are described by Dinges et al. (1987) as recuperative, as opposed to the prophylactic nap taken 
prior to a work period. 
Macchi et al. (2002) studied the effects of a prophylactic nap of up to three hours duration, 
taken in the mid-afternoon peak period for sleep propensity. They found beneficial effects of the 
naps on both subjective and objective measures of physiological performance for up to 14 hours 
post-nap. The author of this thesis has utilised prophylactic naps taken through an afternoon 
prior to working midnight to 06:00 hrs and found it greatly enhances the ability to work through 
this period with few bouts of tiredness. Even when working in a driving simulator lab with little 
to do between 40 – 50 minute driving sessions. 
1.5  Fatigue Management and Prescriptive Countermeasures 
There are two principal means by which fatigue-related problems can be managed, proactively 
and reactively. The first countermeasure includes management changes to work schedules and 
rosters to reduce the opportunity for fatigue-related incidents to occur. The proactive 
management of fatigue may also consider education and training of employees such that they 
will live healthier lives and ensure they obtain restorative sleep and prophylactic naps where 
thought useful. This form of fatigue management is more directed at coercing individuals to 
become healthier and more efficient at work, while setting shifts and rosters to reduce the 
opportunity for fatigue to set into the workers. Proactive fatigue management encompasses tools 
such as ‘Codes of Practice’ that set out fatigue management guidelines based upon ‘best 
practice’ principals. Such ‘Codes of Practice’ are in use in the Northern Territory and Western 
Australia to manage commercial driver fatigue. The codes assist each operator to plan and Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 11 
manage their work schedules, whilst providing the required paper-chain to support and record 
the practices. The two regions have the codes supported with the Occupational Health and 
Safety Acts and are regulated through the Government Work Safe agency. A similar system is 
being considered for the Australia-wide commercial vehicle industry. 
The second countermeasure utilises prescribed numbers of hours to limit the time that an 
operator can drive or perform work. Heavy transport operations worldwide have long been 
regulated by such prescriptive driving hours. Under the prescribed driving hours system, 
operators are limited to the number of working and driving hours in any one-day.  They must 
log the number of hours driven or worked and stop when the limit is reached.  Recent research 
has clearly shown that such a system is not practical for reducing fatigue-related crashes (e.g. 
Arnold, 1998, Hartley & Mabbott, 1998, Smiley, 1998). However, this may in part be due to 
many drivers abusing the system and/or utilising false logbook entries to gain more opportunity 
to drive further and deliver earlier.   
Hertz (1991) used average speeds travelled between destinations in the US and found that 
between 51% and 90% of drivers violated hours of service regulations by at least one hour. The 
Williamson et al. (1992) survey of 960 Australian drivers found that 56.6% of drivers broke 
prescribed driving hours regulations on at least half of their trips. Of these, 30% admitted 
breaking the regulations on every trip and 43.3% on some trips.  
Within the coal mining industry, hours of service are also limited, although undefined. For 
example, the Queensland Coal Mining Safety and Health Regulations (2001) Part 6 – Fitness for 
Work 42 (2) states: 
The system must provide for the following about personal fatigue for persons at the mine- 
  (a) an education program; 
(b) an employee assistance program; 
(c) the maximum number of hours for a working shift; 
(d) the number and length of rest breaks in a shift;  Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 12 
(e) the maximum number of hours to be worked in a week or roster cycle. (pp.40-41)  
However, even with the regulations in place and limits to working hours, there is much 
anecdotal evidence to suggest that many fatigue incidents are occurring in the open cut mining 
environment. 
1.6  Technological Fatigue Countermeasures 
The 1990’s and early 2000’s has witnessed an increased demand for research and development 
of tools to assist with the management of sustained wakefulness and the consequences of human 
fatigue. Operators showing symptoms of drowsiness or actually falling asleep on the job are of 
increasing concern in open-cut mining operations (and other industries). As this report was 
funded by ACARP, the focus was directed at the open cut coal mining environment. For a 
review of technologies for commercial truck drivers see Horberry, Hartley, Mabbott and 
Krueger (2000) Review of fatigue detection and prediction technologies for the National Road 
Transport Commission in Australia. 
The raft of fatigue research directed at the long-haul truck industry can also be directed at the 
open cut mining environment. There are clear similarities and differences between operators of 
long distance transport haulage and operators of machinery in open cut mining operations.   
Some of the basic similarities include: 
•  Long duration of  monotonous scenery; 
•  A mainly sedentary occupation; and 
•  Working through periods of time when circadian rhythms naturally encourage sleep. 
Basic differences would include the operator of mining machinery having interruptions in the 
driving task by having to stop and reverse the vehicle often (haul truck operators especially), 
while truck drivers drive long distances in one direction. Another difference is the interaction of 
mining machinery operators. These operators must constantly monitor the position of their 
workmates for both safety and performance reasons. Truck drivers often travel kilometres of Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 13 
isolated road before encountering another road user. Regardless of similarities and differences, a 
lapse in vigilance or a reduction in performance by either operator may lead to a serious incident 
or accident.  
There is an ongoing debate on the relative merits of management and technological approaches 
including some concern that the introduction of monitoring and warning devices may actually 
lead to an increase in incidents (Dinges & Mallis, 1998). The argument is that drivers and 
operators may come to rely on the devices to maintain alertness levels needed to work safely, or 
the devices will only detect fatigue after onset (i.e. reactive approach versus proactive approach 
to managing fatigue by scheduling and rostering). 
The relationship between fatigue and the combination of sleep, work hours and time of day is 
complex making effective management solutions difficult to design and implement.   
Experiments have confirmed that subjects cannot reliably anticipate the exact moment they are 
tired enough to fall asleep or endure a serious vigilance lapse (Dinges & Mallis, 1998).   
Therefore, technology may offer the potential for a more reliable and earlier warning of 
performance impairment, before operator drowsiness leads to an adverse outcome. Research 
illustrates that most drowsy episodes develop slowly enough to be capable of intervention long 
before a subject gets to a dangerous level of lowered alertness (e.g. Knipling & Wierwille, 1994, 
Knipling, Wang & Kanianthra, 1996).   
1.7  Review of Technological Solutions 
The last two decades has produced an increased interest in system technology for fatigue 
intervention. There is an attraction for both vendors to develop and promote the technology and 
for buyers to rush into implementing technologies showing promise. Consequently, there is a 
movement towards widespread use of systems that may or may not reliably detect fatigue 
(Dinges & Mallis, 1998). Those considering the implementation of such technology should be 
armed with the necessary knowledge of what constitutes a scientifically proven and practical 
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1.7.1  Scientific Support for Technologies 
When considering the use of fatigue monitoring devices, there should be an assurance that the 
validity, reliability, generalisability, sensitivity and specificity of the system have been 
thoroughly tested and reported. Dinges & Mallis (1998) noted that nearly all of the technologies 
offered at the time of publication were in the prototypic, validation or implementation stages, 
and remained scientifically and practically unproven. Few technologies have been taken further 
since that stage and many technologies appear to have not endured the test of time or validity. 
The following scientific criteria are based on Dinges and Mallis (1998) stated requirements. 
1.7.1.1 Validity 
The validity of a system refers to the system’s ability to measure what it purports to measure. In 
other words, does the device accurately measure the loss of performance due to decreased 
human alertness, or is it measuring something else? For example, Dinges and Mallis (1998) state 
that for a measure of fatigue utilising eye closure to be valid, it must accurately measure fatigue 
both operationally (e.g. eye closure) and conceptually (loss of alertness).   
1.7.1.2 Reliability   
For the device to show reliability, the same device must accurately measure the same events 
(operational and conceptual) consistently. That is to say that if it successfully detects fatigue on 
one occasion, it should detect fatigue on all occasions.   
1.7.1.3 Generalisability 
Good generalisability is shown if the device accurately measures performance in everyone who 
is monitored by the device. This is extremely important due to the individual differences of 
human operators.   
1.7.1.4 Sensitivity and Specificity 
Sensitivity and specificity relate to failing to detect an operator who is showing signs of fatigue 
(miss) or spuriously detecting fatigue when it is not present (false alarm). Simply put, a low Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 15 
number of misses demonstrate high sensitivity and a low number of false alarms are viewed as 
demonstrating high specificity. There are important costs involved with misses and false alarms 
when it concerns the safety of people and the financial benefits of the organisation. System 
misses may lead to dire consequences when fatigued operators are allowed to continue working.  
Conversely, when the system produces a false alarm (i.e. warns the operator or stops the 
machine when the operator is still alert) it may cause frustration for the operator or down time 
for the machine. Most technology will produce a number of misses and false alarms and the cost 
of both must be carefully weighed against each other. For example, would the current costs 
associated with fatigue-related accidents (and risk) be less or greater than the cost of equipment 
down time caused by false alarms? Table 1 summarises the questions associated with necessary 
scientific criteria. 
 
 
 
  
Table 1: Summary of scientific criteria.  Source: Dinges and Mallis (1998). 
Validity  Does it measure what it purports to measure (operationally and 
conceptually)? 
Reliability  Does it measure the same thing consistently? 
Generalisability  Does it measure the same events in everyone? 
Sensitivity  How often will the device miss detecting a fatigue event or operator? 
Specificity  How often will the device give an alarm that is false? Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 16 
 
1.7.2 Available  Technologies 
Review of the literature has identified two categories of measurement with five different basic 
means of measuring an operator’s level of performance. They are summarised in Table 2. The 
two categories are performance prediction and real-time testing. The first two; fitness for duty 
testing and mathematical models of alertness, are methods of predicting whether or not an 
operator is capable of maintaining high alertness levels throughout the task period. The latter 
three take one or more real-time measurements of reaction time, physiological changes, vehicle 
parameters, or a hybrid of different forms of measurement.   Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 17 
Table 2: Five basic forms of fatigue monitoring devices. 
Monitor  Category  Type of measure 
Fitness for 
duty tests 
Prediction  Behavioural or biological estimate of an operator’s 
functional capability for work yet to be performed.   
Generally involve a mixture of pupilometric & ocular 
tests, and performance based tests. 
Mathematical 
models of 
future 
performance 
Prediction  Mathematical algorithms that predict operator 
alertness/performance at different times based on 
interactions of sleep, circadian rhythms and some related 
antecedents of fatigue.  
In-vehicle, on-
line, operator 
status 
monitoring  
Real-time  Seeks to record some biobehavioural dimension/s of an 
operator, such as features of the eyes, face, head, heart, 
brain electrical activity, skin potential, reaction to 
stimulus, etc, on-line (during driving). More than 20 
different technologies in this area were in various stages 
of development in 1998 (Dinges et al. 1998). 
Vehicle 
parameters  
Real-time  Measures the behaviour of the transportation hardware 
systems under the control of the operator, such as lane 
deviation, or steering or speed variability, which are 
hypothesised to reflect changes when a driver is fatigued. 
Hybrid 
measures 
Real-time  Some technologies utilise a combination of both in-
vehicle, on-line operator status plus some form/s of 
vehicle parameter measurements. 
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1.7.2.1  Fitness for Duty Systems 
Fitness for duty systems have been developed to assess the vigilance capacity of an operator 
before the work is performed. The basic aim is to establish whether the operator is fit for the 
duration of the duty period, or at the start of an extra period of work. Most tests are 
performance-based, while other tests provide a biological measure through ocular or 
pupilometric means.  Table 3 summarises fitness for duty tests examined in the review. Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 19 
Table 3: Fitness for duty tests 
Test name  Author/s  Measure/s  Comments 
Truck Operator 
Proficiency System 
(TOPS) 
Stein, et al. 
1990. 
Psychomotor test, divided 
attention test, part-task 
driving simulator. 
Data needed further analysis. 
FACTOR 1000  Allen, Stein & 
Miller, 1990. 
Critical Tracking Task 
(Eye-hand coordination 
task).   
Preliminary analysis showed 
incident rate was less than 
expected when test was used to 
assess fitness for duty. 
TOPS Charlton  & 
Ashton, 1998. 
As per Stein et al. 1990.  Successful validation reported. 
TOPS Charlton  & 
Baas, 1998. 
As above but adapted to 
New Zealand conditions. 
Results encouraging. 
ART90 Charlton  & 
Ashton, 1998. 
Computer-based test 
battery of 8 to 10 tests 
including: visual 
perception; reaction time; 
concentration; cognitive 
processing & personality. 
Predicted 66% of driving 
mistakes, 50% of conflicts and  
68% of specific driving errors. 
FIT Workplace 
Safety Screener 
Simpson (1998, 
unpublished) 
Four pupilometry 
measures. 
Only 80% detection of subjects 
with 0.06 blood alcohol content 
& 0.08 blood alcohol content. 
OSPAT Simpson  (1998, 
unpublished) 
Computer-based 
psychomotor performance 
test. 
Concern over divided attention 
tasks not being measured. 
OSPAT D.  Dawson 
(2000, personal 
communication) 
Computer-based 
psychomotor performance 
test. 
Device is as good as any 
standardised test available. 
SafetyScope 
TM  Heitmann et al. 
(2001) 
Measures of pupilometry 
to test if a person passes or 
fails the test. Also records 
invalid results. 
100% of non-passed tests 
occurred at night or during post-
lunch dip. Reported as 
promising, but was not used to 
predict alertness. Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 20 
Mayo Pupilometry 
System 
Heitmann et al. 
(2001) 
15-minute pupillogram to 
measure pupilometry and 
blink rate. 
Measures reflected the circadian 
fluctuations. Weak correlation 
between pupil parameters and 
micro sleeps. 
 
Fitness for duty tests have become increasingly popular in the mining industry, as tests are 
reported to detect impairment from a loss of sleep or through the intake of alcohol or other 
drugs.  However, the operator’s state will change during the course of duty.  This has been seen 
in transport research (Mabbott & Hartley, 1998) which showed that half of the drivers who 
reported falling asleep at the wheel had adequate sleep (8 hours plus) through the appropriate 
night period. The drivers might start work in an aroused state but quickly deteriorate as they 
work through the shift or at circadian low points.  
On a more positive note, some fitness for duty tests have been well validated. To determine if a 
driver is too incapacitated by fatigue to continue, traffic and public safety officers in the State of 
Arizona have used the TOPS system (Charlton & Ashton, 1998). The authors state that failure 
on the test is justification for removing a driver from the driving task, and as yet, the regulatory 
use of the system has not been challenged in court.   
The SafetyScope 
TM and Mayo Pupilometry System were tested on the Circadian Technologies 
test bed utilising several other biobehavioural measures. Heitmann et al. (2001) report that the 
two systems show good promise, however, further validation would be required before the end 
user could have confidence in their ability to screen for fitness for duty.  
Anecdotal evidence has suggested that some drivers report for the start of a shift with a sleep 
debt or other form of impairment (e.g. drugs, stress, etc). Fitness for duty testing would have a 
place in these circumstances, as the tests are known to detect impairment from at least fatigue 
and alcohol consumption. Used alone, fitness for duty testing has the potential to reduce the 
occurrence of potential fatigue-related incidents. Used in conjunction with a real-time 
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1.7.2.2  Biomathematical Algorithms  
Several biomathematical algorithms have been developed to predict the level of performance of 
individuals, based on past sleep and workload factors. These highly complex algorithms allow 
for individual patterns of sleep, work and rest to be entered into a system which will then show 
outputs describing how levels of performance might be affected by the individual’s sleep/work 
history. Models are being developed at a rapid pace and the stakes are high for those wishing to 
utilise the outcomes of the models (Neri, 2004). The systems are in various states of 
development and commercialisation. 
A ‘Fatigue and Performance Modelling Workshop’ was held in Seattle, US in June 2002. The 
workshop was held to assess the similarities and differences of the models and to establish what 
gaps were present in the research and in the development of the models. For a full understanding 
of the models and the workshop, the reader is directed to Aviation, Space and Environmental 
Medicine, March 2003, Vol. 75, No. 3, Section II.  
Neri (2004) reports on the workshop as a way to bring all of the models together to test them 
against a common set of scenarios (and experimental data) and see what the similarities and 
differences were. One scenario was theoretical and experimental data were available for the 
other four. Neri noted that this would allow end users such as the Government, Military and the 
commercial sector, to identify similarities, limitations and required caveats for the models’ use.  
Mallis  et al. (2004) summarised the methods, results and discussion of the seven 
biomathematical models presented at the workshop. Developers of the seven models were sent 
questionnaires to determine what the capabilities, goals, inputs and outputs of their models 
were. The modellers were to input five scenarios and provide outputs to the workshop. The 
models and their outputs were examined (in conjunction with data on four scenarios) to 
establish similarities and differences between models. The models tested at the workshop are 
reported in Table 4. 
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Table 4: Biomathematical models as presented in Mallis et al. (2004). 
Model Name  Stated 
Survey 
Respondent 
Summary of concepts, assumptions and validation claims 
 
Two-Process 
Model 
Dr. 
Achermann 
Core of many models. Created using laboratory data (EEG 
slow-wave activity during non-REM sleep). Linear 
interaction of homeostatic and circadian processes and an 
exponential sleep inertia component. Demonstrated model 
validity in simulations under sleep conditions. 
Sleep/Wake 
Predictor 
Model 
Dr. 
Ackerstedt 
Created using group results of subjective alertness data in 
altered sleep/wake pattern experiments. Model assumes 
exponential fall of alertness during wake periods, exponential 
rise in alertness during sleep, a circadian rhythm of alertness 
and an exponential sleep inertia factor. Validated (mainly 
through group results) in shiftwork studies. Used to account 
for diurnal type and long/short sleep periods. 
System for 
Aircrew 
Fatigue 
Evaluation 
Mr Spencer  Developed on laboratory experiments and later adjusted on 
data collected during long-haul flights. Combination of 
sinusoidal component (time of day) and cubic trend in time 
since slept. Validation studies involving the collection of 
alertness data during flights are being conducted. 
Interactive 
Neurobehavio
ral Model 
Dr. Jewett  Estimates of neurobehavioral performance determined by a 
linear combination of homeostatic, circadian and sleep inertia 
components. Assumed conditions are 8 h of sleep from 00:00 
hrs to 08:00 hrs and 16 h of wakefulness. Validation 
assessments performed in comparisons with neurobehavioral 
data from laboratory studies involving various light patterns, 
sleep deprivation, jet lag and schedules other than 24 hours. 
Sleep 
Activity, 
Fatigue, and 
Task 
Effectiveness 
Dr. Hursh  Additive combination of circadian rhythm, sleep reservoir 
and sleep inertia components. Assumed that sleep occurs 
between 22:00 hrs and 06:00 hrs, although these times can be 
adjusted to suit actual sleep time. Validated against literature 
and laboratory studies of sleep deprivation. Further validation 
against railroad engineers envisaged. Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 23 
Fatigue Audit 
Interdyne 
Dr. Roach  Created from existing research on controlled laboratory 
experiments investigating performance reduction due to 
wakefulness and the recovery available from sleep. Uses a 7-
day work history and the interaction with time of day that the 
person worked and slept. Assumes balance between 
accumulated fatigue through work periods and recovery from 
time away from work.  
Circadian 
Alertness 
Simulator 
Dr. 
Heitmann 
Conceptually assumes a circadian homeostatic component 
and different time constants for different activities. 
Validation performed in sleep and alertness studies with 
regular, irregular and rotating shift workers, comparisons of 
simulated and actual sleep with alertness, and correlations 
between accident rates in transportation and a fatigue index. 
 
Mallis  et al. (2004) described the model outputs as varying greatly from their predicted 
capabilities and goals. It was noted that all seven models included the ‘potential recovery from 
sleep’, however, concern was raised that there was ‘scant’ scientific data relating to the 
mathematical nature of the recovery function of sleep on performance. Mallis and colleagues 
also discussed concern over the seven models’ use of subjective alertness and/or subjective 
fatigue levels or scores, due to the constant questioning of subjective awareness as a reliable 
marker. 
Another similarity of the models is the common assumptions that functional capacity decays 
with elevating sleep drive, function recovers with sleep, and there is a circadian modulation 
associated with sleep and waking (Mallis et al. 2004). This, the authors point out, is consistent 
with the Two-Process Model, however, the models differ in how they plot the curves associated 
with the above three principals. They note the differences being the modelling of the decay and 
recovery of performance as linear, exponential, sigmoid or polynomial. Similar differences are 
found with the modelling of the circadian effect. 
Van Dongen (2004) has reported the comparison of the model predictions to the experimental 
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most of the scenarios. The following paragraphs are an attempt to briefly summarise the 
pertinent issues relating to the performance of the models. Scenario 1 was based on two 
conditions of a laboratory experiment whereby subjects either maintained 88 hours of 
wakefulness, or were able to take a two-hour nap every 12 hours. All six models predicted the 
performance and fatigue reasonably well, although the author mentioned that simultaneously 
modelling the two conditions presented problems for the models.  
Scenario 2 utilised subjects in a laboratory experiment whereby the subjects were partially sleep 
deprived with either four or six hours sleep per night, for 14 days. None of the models were said 
to predict the build up of subjective sleepiness or performance impairment over the 14 days of 
the sleep restriction experiment. Similarly, all of the models were unable to accurately predict 
temporal variations during the days of the experiment. It was initially suggested that sleep 
inertia may be influencing the poor results and the data points for two hours following wakening 
were removed. This reduced the goodness of fit for five of the six models, leaving Van Dongen 
(2004) to suggest that either the sleep inertia lasted longer than the two hours, or the circadian 
variation within the experiment was fundamentally different to the model predictions. 
Scenario 3 was based on locomotive engineers that operated unpredictable work hours due to 
being on call. Since each of the engineers was on a different work schedule, it was impractical 
to show all of the model predictions in the paper. Scenario 4 was based upon ultra-long range 
flight (>14 hours) operations involving four flight crew. No data were available for this 
scenario. Rather, it was used to show differences between models. Four modelling teams 
provided outputs for the scenario. Van Dongen (2004) provided few comments on the 
comparison of model predictions to the data in Scenario 3 or for Scenario 4. 
Scenario 5 was similar to Scenario 2, the differences being that subjects were sleep restricted to 
seven hours per day for seven days, or were sleep restricted to three hours per day for seven 
days. A three-day recovery period was supplied at the end of the seven days. Van Dongen 
(2004) noted that the models had problems predicting the chronic sleep restriction and recovery 
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In summary, Van Dongen (2004) states that all of the models had problems predicting chronic 
sleep restriction scenario outputs and that modellers need new experimental research to assist 
with modelling such scenarios. Gaps in the models included that none of the models took into 
account countermeasures such as caffeine, or other factors such as light. No one model stood out 
from the rest as the best or worst model. Van Dongen suggests that: “…substantial additional 
development is necessary to create reliable tools for prospective prediction of fatigue and 
performance across a broad range of circumstances.”  (p. A34).  
1.7.2.3 In-Vehicle,  On-line  Operator Status Monitoring 
In-vehicle, on-line, operator status monitoring is simply the measurement of some 
physiological/biobehavioural events of the operator whilst in the act of operating the machinery 
in real-time (Dinges & Mallis, 1998). Physiological aspects of humans are known to reflect the 
effects of fatigue or other forms of impairment. For this reason, a plethora of monitors have 
been developed. Although research results on Electroencephalograph (EEG) monitoring have 
been variable (Lal & Craig, 2001), the EEG has been hailed as one of the most successful 
monitors, utilising alpha, beta and theta waves to reflect the stages from fully alert through to 
the various stages of sleep (Artaud et al. 1994). The use of EEG as a measure of performance is 
not very practical for in-vehicle use, however, due to the need to attach electrodes to several 
areas of the cranium. There is one known device under development that does not require 
electrodes to measure the brain waves. The ‘Mind Switch’, under development at the University 
of Sydney, Australia, utilises a headband to monitor brainwaves (Scullion, 1998). This is 
currently utilised so that paraplegic patients can turn electrical devices on by wearing the 
headband and closing their eyes (Craig, 2003). The authors noted that they are investigating its 
further use to detect fatigue. 
Measures of eye closure have become very popular and have been the subject of considerable 
tests. Not only does slow closure of the eyes reflect drowsiness, it is estimated that 85% to 90% 
of the information needed to drive arrives through the visual channels (Knipling, Wang & 
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developed, validation of the devices has not been completely encouraging. Dawson (personal 
communication, 2000) has mentioned that the PERCLOS (Percent of eye closure) monitor was 
recently reported as detecting a good percentage of fatigued operators. However, there was little 
difference between the detection rate and simply asking the operators if they were tired. Other 
eye closure/blinking monitors are reported as detecting only some of the fatigue events 
displayed by operators.  
Seeing Machines Australia Pty Ltd (Longhurst, 2002) is a commercial system that uses a 
computer vision tool to measure visual behaviour, fatigue and inattention. It utilises the 
PERCLOS algorithm for analysing the percent of eye closure. Longhurst states that the system 
analyses visual behaviour robustly enough to allow for partial occlusions of the face and 
through sunglasses. No validation of the use of the system for fatigue detection was mentioned 
in the paper.  
Similarly, Liu, Xu and Fujimura (2002) have developed a system for monitoring eyes that is 
said to overcome the usual problem of detecting eyes during differing lighting conditions 
(including wearing sunglasses). The unnamed device was said to detect and track the eyes over 
96% of the time, showing it as a robust device to use for the next step toward fatigue 
monitoring. No mention of the number of subjects was given for the experiment undertaken, nor 
the number of tests used to arrive at the 96% score. However, the intention was not validation, 
merely investigation of the system to move to the next stage. Another example of eye 
monitoring technology, is the Drowsy Driver Detection, or DDD, made by Applied Physics 
Laboratory at the John Hopkins University (APS, 2000). The system uses Doppler radar and 
signal processing to measure changes as a person becomes drowsy. Other observed changes 
during bouts of fatigue are fidgeting, eye blink frequency and duration, and eyelid movement. 
The authors mention that it has advantages over other systems due to reduced costs of the 
system. 
One concern of eye monitoring technology is wether or not humans are capable of sleep periods 
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EEG of drivers at night and found that sleep was detected through the EEG recordings while the 
drivers eyes were open. The other main concern is at what point during eye closure (or prior to 
eye closure) should an intervention be put in place? 
There are also numerous devices that are capable of physiological/biobehavioural measuring of 
human performance. Samples of these measures are tones of facial muscles, electrodermal skin 
potential, body postures and head nodding. Again, most of the devices require electrode 
attachment and other equipment intrusive to the operator. Although head nodding monitors are 
less intrusive than other devices, operator performance has already declined to unsafe levels 
before the head nods forward in a sleepy state (see Hartley & Mabbott, 1998). Table 5 
summarises a sample of reported findings from in-vehicle, on-line, operator status monitoring 
devices. 
Table 5: In-vehicle, on-line operator status monitoring devices. 
Test name  Author/s  Measure/s  Reported Comments 
Alertomatic Charlton  & 
Ashton, 1998. 
Response to presented stimuli – 
horn warning given when not 
responded to, then ignition turned 
on/off. 
Not scientifically validated 
for ‘on the road’ use. 
PERCLOS Dinges,  Mallis, 
Maislin & Powell, 
1998. 
Percent of eye closure.  Shows promise and requires 
validation ‘on the road’. 
Travelmate Charlton  & 
Ashton, 1998. 
Head nodding – alarm sounds 
when head drops. 
Late alarm activation – i.e. 
after subject falls asleep. 
Drowsy 
Driver 
Detection 
System 
Applied Physics 
Laboratory, John 
Hopkins 
University (2000) 
A non-invasive measure of 
fatigue and its effect on the 
driver's activity level and eyelid 
behaviour using low-power 
Doppler radar and signal 
processing 
Excellent correlation 
between the DDD system 
and video system results. 
 
Eye-Gaze Heitmann  et al. 
(2001) 
Pupil centre corneal reflection, 
pupil diameter, blinking & eye 
fixation 
Collected information about 
microsleep several seconds 
prior to the event. Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 28 
MINDS Heitmann  et al. 
(2001) 
Head position sensor system.  Detected head nods prior to 
crash event. Microsleeps 
occurred in the absence of 
head nodding. 
Unnamed Eriksson  & 
Papanikolopoulos 
(2001). 
Non-invasive measure of eye 
detection. 
In early stages of 
development. Hoping to find 
way to provide early alert 
prior to microsleep. 
Copilot  Grace & Stewart 
(2002) 
Second generation PERCLOS 
monitor. 
Continuing work to validate 
Copilot, refine driver 
interface and add gaze angle 
measurements. 
Capacitive 
Sensor Array 
Kithil (2001).  Head nodding device.  Showed better prediction of 
microsleeps than PERCLOS 
Unnamed Li  et al. (2002).  Heart rate variability as 
quantitative indicator of mental 
fatigue. 
Detected changes correlating 
with subjective fatigue over 
90 minute periods. 
faceLAB Longhurst,  (2002)  Computer vision tool to measure 
visual behaviour, fatigue and 
inattention. Utilises PERCLOS 
algorithm. 
 Can monitor partial 
occlusions of the face and 
people wearing sunglasses. 
 
Stimulus-reaction tasks comprise the presentation of an audio or visual signal that must be 
responded to within a set time. Special care must be taken to ensure that the operator’s workload 
does not increase due to the demands of the task. The ‘Roadguard’ and ‘Alertomatic’ stimuli-
reaction tasks investigated by Haworth (1991) generally has their initial presentation as a light 
that is mounted in an appropriate location on the operator’s control panel. The signal is 
presented at random intervals (e.g. Roadguard is between 4 & 14 seconds) and the operator must 
respond within a set time. Response to the stimuli is made by use of touch pads on the steering 
wheel or by means of a foot switch. Failure to respond will initiate an audible signal to alert the 
operator of the missed visual cue. The system could also include shutting down the machine if 
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Reactions to the presentation of stimuli are slower and decrease with lowered alertness levels.  
Therefore, systems that require a response to stimuli may be a very practical and useful tool 
within the open cut mining operation, as the operator is constantly prompted to demonstrate 
his/her level of alertness.   
Implementation within an industry such as open cut mining would need adjustments to the 
systems reported in the literature. For example, to be used in a haul truck, the system would 
need to recognise specific manoeuvres, such as reversing up to be loaded, so that the system will 
not make a stimulus presentation through that period. Because the operator must utilise the 
vehicle’s mirrors during such a manoeuvre, visual stimuli on the control panel would not be 
recognised. This would result in false alarms, decreasing the acceptability of the device by 
operators. 
1.7.2.4  Vehicle based performance technologies  
Vehicle based performance technologies attempt to measure aspects of vehicle performance and 
detect abnormalities from the normal driving condition. There are no intrusive monitoring 
devices and the ultimate performance output relates to the performance of the vehicle itself.  The 
most common indicator of fatigue impairment is assessed through the lack of micro-corrections 
to steering, necessary even for small pavement bumps and crosswinds. When these micro-
corrections cease, the operator is said to be in an impaired state (Petit et al. 1990). Sayed and 
Eskandarian (2001) developed a method of detecting fatigue through an artificial neural network 
(ANN) based on pre-processed steering angle signals of 12 drivers in a previous driving 
simulator experiment. The ANN was trained and tested on the data collected and shown to 
detect 90% of drowsiness episodes.  
Other technologies measure acceleration, braking, gear changing, lane deviation and distances 
between vehicles. Most of the literature on vehicle performance technologies discuss studies 
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reason, discussion on vehicle based technologies will be included in the next section, ‘hybrid 
combinations’. 
1.7.2.5 Hybrid  combinations 
The use of several different forms of measurement assists in identifying fatigue in that if one 
measure fails to detect low arousal, another measure will generally pick it up. Most hybrid 
combinations are still in the prototypic or developmental stage and are far from being 
scientifically validated (Dinges et al. 1998). Two hybrid systems are presented here. The first is 
the SAVE project (Brookhuis et al. 1998), while the second is the AWAKE Projects (Bekiaris & 
Amditis (2002). 
The SAVE Project (Brookhuis et al. 1998) is formally known as System for effective 
Assessment of the driver state and Vehicle control in Emergency situations. The aim of the 
SAVE project is to develop a prototype that will in real-time detect impaired driver states and 
undertake emergency handling. This will be realised by instant detection of impairment, 
following which the driver will be warned, drivers in the vicinity will be warned, or if need be, 
the vehicle will be controlled automatically to the road verge. Table 6 summarises the 
components and measures that are utilised by the system. 
 
 
 
Table 6: The SAVE system, components and measures. 
Components  Physiological 
measures 
Vehicles measures  Environmental 
measures 
•  Integrated monitoring 
unit (IMU) 
•  Eyelid closure  •  Speed  •  Time of day 
•  Human-machine 
interface (HMI) 
•  Head position  •  Steering wheel 
angle 
•  Whether it 
rains or not Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 31 
•  Hierarchical manager 
(HM) 
•  Grip force on 
steering wheel 
•  Distance to a lead 
vehicle 
 
•  SAVE warning 
systems (SWS) 
  •  Lateral position   
•  Automatic control 
device (ACD) 
  •  Time to line 
crossing 
 
 
The system was said to be detecting around 90% of fatigue cases (Brookhuis, 2000. Personal 
communication) but there has been no published report on the validity of the system. 
Bekiaris and Amditis (2002) describe the AWAKE system as a system to detect hypo vigilance 
through monitoring of multiple parameters of the driver and the environment. The system will 
utilise continuous event-related driver monitoring, driver characteristics to personalise the 
measures and consideration of the traffic environment. It is being developed for highway 
driving. The main components are shown as: 
1.  Hypovigilance Diagnosis Module (HDM). Using an artificial intelligence system, the 
system will fuse data from eyelid and steering grip sensors, to lane tracking, gas/braking and 
steering position of the vehicle. Will be adapted to the driver characteristics through 
continuous driver monitoring. 
2.  Traffic Risk Estimation Module (TRE). Assess traffic situations and involved risks. Will 
gather data from a positioning system, enhanced digital navigation map, the odometer, an 
anti-collision radar and driver’s gaze direction sensor. Outputs of the module will be used 
by the HDM to re-assess the driver’s state, and by the Driver Warning System to determine 
adequate warning levels. 
3.  Driver Warning System (DWS). Will use visual, acoustic and/or haptic means. Will use 
inputs from TRE and HDM to determine adequate warning levels for each situation. 
4.  Driver Identification Module (DIM). To facilitate the system personalisation, the driver 
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5.  Hierarchical Manager (HM). Will have the ability to self-diagnose and will coordinate 
other system components. 
Three prototypes will be developed and tested in a middle and upper class passenger car and in a 
heavy vehicle driving simulator. A total of 18 verification pilots will be undertaken over the 
course of the project. The authors note that the AWAKE consortium is determined to develop 
the system for highway applications.  
1.7.3  Practicality of Technology Implementation 
To be able to establish a reasoned argument for or against the use of any of the above 
technologies, one first has to consider the context for which they were originally developed.  
Nearly all of the technologies investigated for this review have been developed for 
implementation into trucks and cars travelling on smooth, paved road surfaces.  
Two field visits to coal mines in Western Australia were undertaken by the research team to 
obtain an understanding of the mine operations and allow the practical utility of various 
technological devices in the coal mining environment to be assessed. Importantly, the terrain of 
coal mine haul roads and working surfaces are rugged enough to suggest that several devices 
would be unsuitable. For example, devices that monitor head nodding or eye tracking would 
experience problems keeping the object to be tracked within its monitoring field. Further, 
devices that monitor vehicle parameters such as steering movements would have difficulty 
establishing baseline measures of steering manoeuvres over the rough surfaces. This problem 
would be intensified during wet seasons, as nearly all haul roads are unsealed and get both 
corrugated and slippery. 
The acceptability of the devices by operators is also of concern within industries. Devices that 
monitor physiological aspects of operators generally have apparatus that is attached to the 
operator. This may include electrodes placed on the cranium (Electroencephalograph – EEG) or 
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placement and calibration by experts. Calibration by experts in itself would be a costly and 
time-consuming task within a mining context. 
1.7.4  Conclusion of Review of Technologies 
The terrain of open-cut mines causes considerable jarring and jolting which would possibly 
render many fatigue monitoring devices impractical. Therefore, technologies that require 
attachment of electrodes or devices to the operator are not considered for trial implementation.  
Devices that measure vehicle parameters are promising, as they measure vehicle performance 
based on a standard set when the operator is fully alert. Such devices require no equipment or 
attachments that impinge on the operator’s duties. Operator alertness is monitored through 
vehicle operation changes from the baseline measures. At the time of the review, commercial 
devices were not at a stage where they could be considered for this project. Further, as most 
technologies are designed to elicit measurements on smooth, sealed pavements, a lot of effort 
would be required to re-design the technologies to suit the rugged terrain of open cut mining 
environments. Dust may also be an issue for externally mounted video cameras that monitor 
lane tracking or headway distance between vehicles.  
There is limited information relating to when fatigue-related accidents in mining are occurring 
and through which part of the shift. There is suitable anecdotal evidence to suggest that there are 
at least three possible solutions that may effectively reduce the occurrence of fatigue-related 
accidents.  They are: 
•  Investigation of shift hours and rosters, 
•  Assessment of operator’s fitness for duty, and 
•  Trial implementation of one or more operator status monitoring technologies. 
The FAID fatigue prediction model has been used by several Australian mines to assist with the 
determination of rosters. Anecdotal evidence suggests that this has led to much discussion on 
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The OSPAT and FIT 2000 fitness for duty tests are currently in use in several Australian mining 
operations. Fitness for duty testing is useful for removing impaired operators from duties before 
the shift commences. This is said to have changed some of the patterns of alcohol behaviour in a 
positive manner. Fitness for duty testing can only assess operator alertness levels at the time of 
testing but cannot be used as a predictive measure of ongoing performance. Some system of 
fatigue monitoring should be used throughout the shift duration to detect fatigue in those 
operators who may present for work in a fit state, but whose performance levels still deteriorate. 
At the time of this investigation, few commercially available devices were proven to detect 
fatigued states in real-time. 
2  DEVELOPMENT OF FATIGUE MONITOR 
 
Many of the technologies reviewed arrive at a fatigue ruling when the operator has either fallen 
asleep (e.g. head-nodding monitors) or showed symptoms of falling asleep (e.g. eye closure 
technologies, poor lane tracking, grip force on steering wheel, etc). As it is known that lowered 
performance levels are present well before sleep onset (e.g. Mackie & Miller, 1978), the current 
device has been developed to predict these moments of lower performance well before operators 
become a liability to the safety of the workplace. 
In order for any technology to be effective at monitoring operator performance in an open cut 
mining environment, it would require the following attributes (based on discussion with mine 
personnel): 
•  It would need to be rugged enough to endure (often) intensive rocking, shuddering and 
vibrating from the machine that it is installed into; 
•  It would need to be dust-proof as coal mining is generally a very dusty environment; 
•  It would have to be unobtrusive to the operator of the vehicle. This would include being out 
of the immediate sightline and not in a position where it might be accidentally struck by the 
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•  All electrical and other connections will need to be hidden from operators as they will often 
tamper with them if they are visible, and 
•  It must be capable of obtaining an operator performance measure that is not affected 
considerably by the operation of the machine (e.g. writing down a response would require 
stopping the machine). 
Further to the above criteria, operators must accept the technology or they are likely to not 
participate or may vandalise the equipment. This will be highly dependent upon: 
•  The initial presentation of the technology to the operators demonstrating it to be a positive 
safety tool; 
•  Technology showing good face validity (e.g. too many false alarms will annoy operators); 
•  If the culture of the workplace is such that it promotes taking breaks when operators are 
tired. If operators are ridiculed for taking rest breaks when not prescribed, then they will 
avoid fatigue detection at any cost, and 
•  The technology must not annoy or disturb operators, or the operator must see that if it 
disturbs or annoys them, it is a reasonable trade-off for the safety benefit they may gain 
from use of the technology. 
Finally, the device must be capable of measuring operator performance and determining (in real-
time) if the operator is performing in a reduced state as compared to his/her baseline 
performance. The reduced performance should be noted long before the operator becomes tired 
enough to present a danger to anyone that may be affected by such performance. 
No study has conclusively shown that any technology has the ability to extend an operator’s 
arousal level sufficiently, or keep them awake (Haworth & Vulcan, 1991). Verwey and Zaidel 
(1999) developed a ‘game box’ situation that increases subjects’ mental activity leading to 
extended wakefulness. However, over the three-hour trials, the same subjects still experienced 
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need to rest would be very dangerous in the driving environment. Tests will only detect at best, 
when an operator has suffered a lapse in alertness.  It is therefore up to the operator to stop and 
rest, as every operator has a duty of care to both himself/herself and to fellow employees. 
2.1  Objective Versus Subjective Measure of Performance 
The concept of any fatigue detection technology should be built upon the research findings that 
indicate humans are poor judges of their personal fatigue levels. The US/Canadian Driver 
Fatigue and Alertness Study (DFAS) (Wylie et al. 1996) showed results indicating such a   
phenomena. The study was one of the largest ‘over the road’ studies of driver fatigue to date. 
Around 4,000 hours of real-time testing was undertaken utilising truck drivers from Canada and 
the USA. Eighty drivers were monitored over 16 weeks, utilising objective measures such as; 
driving task performance, three surrogate performance tests (Code Substitution, Critical 
Tracking Test & Simple Response Vigilance Test), continuous video monitoring and 
physiological measures (e.g. Electroencephalogram, Electrocardiogram, Electrooculogram, 
Electromyogram, respiratory airflow and effort, and body temperature). 
The major finding for the study was that night operations were the major influence of reduced 
driver alertness. The other interesting result was that subjective self-ratings of fatigue correlated 
well with time on task, indicating that the longer one works the more tired they may believe 
they are. However, the objective measures of fatigue through the same periods indicated they 
were not slower to react or performed well on the objective tests. Video evidence of eye 
movements indicated they were not fatigued.  
This finding was also supported by Williamson, Feyer, Friswell and Leslie (1994) when they 
reported that all drivers in their Australian study subjectively reported fatigue over 12-hour 
trips, however, poorer performance was not shown for all drivers on objective measures. 
Conversely, Mackie and Miller (1978) found that drivers in their study were showing reduced 
performance measures over several days of driving when the drivers’ subjective opinions 
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Perhaps the major issue here is not so much that humans may feel tired if they are bored or have 
been working for a long period. Rather, the safety concern lies with humans feeling tired but 
believing they can resist the drive for sleep for an indefinite period. It may be the last leg of a 
journey whereby the driver may be only a short drive from home and it seems justified 
continuing the trip. It may also be an employee feeling that if they alert their employers to their 
sleepy state, they may be ridiculed by fellow employees or scorned by the employers. Long-
distance truck drivers often state that the latter is the case.  
Management must also create an environment that is conducive to an operator making a 
decision to stop work when fatigued, rather than continue and risk a fatigue incident.  Major 
concerns lie with operators accepting performance-monitoring devices as a safety measure and 
not one that implies that big brother is watching. 
By using an objective measure of fatigue and alerting both the employer and employee of 
reduced alertness, two people are then charged with the decision to enact their duty of care. The 
mining industry (and other industries) has taken the fatigue issue on board and are rising to the 
challenge of eliminating the consequences of fatigue. It is this attitude, coupled with fatigue 
management training and technological solutions that will help to reduce accidents attributable 
to fatigue and reduced alertness. 
2.2  Criteria for Driver Impairment 
Brookhuis, De Waard and Fairclough (2003) and Brookhuis and De Waard (2003), discuss 
criteria for driver impairment, or what they call “in search of the golden yardstick for driving 
performance”. In both papers the authors speak of a consensual framework with which to 
evaluate both qualitative and quantitative aspects of driver performance. This would aid all 
researchers to compare studies and also assist with the development of ‘impaired’ limits as cut-
off scores on driving tasks. Currently, scientific assessments of significant differences are 
generally set at 0.05 alpha levels but may not reflect the relevance that the impairment has to the 
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Brookhuis  et al. (2003) note that ‘absolute’ and ‘relative’ criteria are fundamental for 
categorising impairment and defining both normative and impaired examples of primary tasks. 
They define ‘absolute criteria’ as: …absolute values of behavioural measures, valid for the 
driving population under all circumstances and ‘relative criteria’ as: …baseline values 
representing intra-individual variability (p.437). The authors also note a level of 
interdependency between the two criteria, with an example of a risky driver following too close 
and thus reducing the ‘absolute’ criteria for him/her compared to a more cautious driver who 
maintains a safe following distance. This also affects d-prime in that the overlap between 
normal curves for the ‘normal’ population (absolute value) and the intra-individual differences 
(relative value) may become too large and have an effect on misses and false alarms (Brookhuis 
& DeWard, 2003). Misses are not acceptable when the safety of the public is at stake and false 
alarms render systems unacceptable for use due to the nuisance factor. 
2.3 System  Concept 
For the purposes of developing a system to monitor driver reaction performance in open cut 
mines, it was decided that the absolute criteria would be speedy and accurate reactions to a 
forced-choice stimulus (see next section for explanation). The relative criteria would be standard 
deviations (SD) away from (slower than) a pre-analysed mean reaction time to the stimulus, for 
each individual. In this way, the interdependency between the two criteria works to utilise the 
measure of fast reactions to the level, at which the driver would normally operate, allowing for 
the driver’s intra-individual peculiarities. The d-prime associated with the sensitivity of this 
concept does not suffer from having overlaps with ‘normal’ measures of performance as the 
performance is only normalised for the individual. 
2.3.1 Intellectual  Property 
Romteck Pty Ltd. was approached to assist in the development of the system. A confidentiality 
agreement was signed between Romteck and ARRB TR so that Romteck could utilise their IP in 
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The agreement also noted the confidentiality of the system concept. Due to the intellectual 
property, this thesis cannot divulge the information utilised in the development of the 
underlying system software. 
2.4  Decision to Develop a Stimulus – Reaction Divided Attention Task 
The stimulus-reaction task offers confidence in its ability to detect when a driver is reacting 
slowly due to fatigue. It overcomes many of the issues discussed with using technologies in the 
open cut mining environment and was developed to be utilised as a real-time objective measure 
of performance. The test device was developed to test in real-time and avoid operator overload 
when reversing or performing other multi-task duties. The visual stimuli is presented to the 
operator on the control panel at random intervals and requires a depression of a touch pad or 
button to record the response. Failure to react within a set parameter elicits an auditory warning 
or some form of feedback to the operator. 
Research studies have indicated that slow reactions and poor decisions are common when 
humans become fatigued (e.g. Hartley & Mabbott, 1998). Performance will decrease over time 
with less than adequate sleep with speed usually affected to a greater extent than accuracy 
(Belenky et al. 1998). The concept of the stimulus-reaction device utilises the reaction time to a 
stimulus and will test the operator against a pre-analysed personal baseline measure.  
2.4.1  Perception – Response Overview 
It is the perception-response paradigm that underpins the use of reaction time as a measure of 
human performance. Olson (2002) notes that there are four stages of perception-response. These 
being:  
1)  Detection, when a driver becomes consciously aware that a hazard has entered his/her view;  
2)  Identification, acquiring sufficient information about the hazard to consider a response to 
the hazard;  
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4)  Response, the message from the brain for the appropriate muscles to move to initiate the 
action chosen. 
Olson (2002) notes that research into the perception-response times required for drivers to avoid 
hazards shows values that range from 0.5 to 3.5 seconds and sometimes longer. He states that 
road engineers utilise a stopping sight distance of 2.5 seconds as a general rule, when planning 
safe horizontal and vertical alignments and sight distances to objects. Some researchers suggest 
a longer time (3 seconds) is required for drivers to avoid changes in the road environment (e.g., 
Summala, 1981). Research into reaction times differences between groups of older and younger 
driver have yielded mixed results, with some finding longer reaction times for older groups 
when tested in driving simulators (e.g. American Automobile Association, 1952) and others 
finding no or few significant differences in field experiments (e.g. Kloeppel, et al. 1995: Lerner, 
1993). The fact that traffic engineers utilise 2.5 seconds as a general rule when designing roads, 
supports the use of measured reaction time to a forced-choice stimulus. For example, during 
emergency situations on the road, drivers are often faced with a forced-choice, with the wrong 
decision (or slow response to the decision) often leading to impact. Thus, if a driver is reacting 
slow compared to his/her normal reaction speed, they are at greater risk of being involved in a 
crash. 
2.4.2  Simple and Choice Reaction Times 
Driving any vehicle provides the driver with numerous stimuli requiring a multitude of choice 
reaction responses. For example, driving a dump truck along a haul road in a mine, the driver 
may be subjected to a stimulus such as a large rock in the roadway (perhaps having fallen off 
the preceding vehicle). The response required would one of a choice of swerving to the left or 
right (while retaining speed) or braking (perhaps with a full load). Driving left may cause the 
truck to go off the road into the pit. Moving right could place the truck on a collision course 
with another vehicle. Hard braking under load may cause sliding of the vehicle. A driver has to 
make an informed decision based on all the information he/she has of the situation and what the 
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opportunity. It seams reasonable then to argue then, that measures of driver alertness should 
encompass forced-choice reactions to stimuli rather than simple reaction tasks, in order to 
measure the human response as a forced choice. 
Wickens (1992) notes that it is intuitive that complex choices or decisions take longer to effect 
than simple reaction tasks, mainly due to the uncertainty of the stimuli and what actions are 
available as a result. Wickens cites the early work of Merkel (1885), whereby the reaction time 
was shown as a negatively accelerating function according to the number of stimulus-reaction 
choices available. Each alternative increased reaction time but each one by a lesser amount than 
the previous alternative. Wickens illustrates this with the Hick-Hyman law, whereby reaction 
time increases by a constant amount (linearly) with each additional bit of stimulus information. 
Reyner, Barrett and Horne (1999) tested an auditory reaction time device and claimed it 
maintained/improved driver alertness through the acknowledgment of audio beeps and to 
monitor the driver and warn of pending tiredness. They found that the device did not assist in 
the maintenance of driver performance over a two-hour simulator drive. EEG measures showed 
no differences between driving in this condition and when there was no device used. Similarly, 
Williamson (2003, personal communication) mentioned that her recent research using an 
auditory stimulus yielded no significant results. Being an auditory stimulus with a push-button 
response, the task was simple reaction.  
2.4.3  Reaction Times Parameters 
Haworth (1999) notes that for a fatigue detection system to perform adequately, it must 
comprise a measure of fatigue, a standard for which to compare the value against and a means 
of communicating that a driver’s performance is reduced. This was developed into the system 
for the validation trials to follow. 
2.4.3.1  Measure of Fatigue 
The measure of fatigue utilised was the recorded reaction time to a presented stimulus. The 
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task is presented as a secondary task such that performance on the primary task (driving or 
operating machinery) was not affected in an unsafe manner. The driver was presented an audible 
sound (buzzer – approx. 85 decibels) at the same time that a visual signal was presented. The 
visual signal is a bright green light emitting diode (LED) arrow display positioned on the 
dashboard to the left of the steering wheel. It sits just within the normal driving visual field so 
that the driver does not have to take his/her eyes off the driving environment  
2.4.3.2  Standard to Compare the Value Against 
The standard to compare the value against will be the operator’s own baseline standard. The 
driver has his/her first 20 sets of data collected, the first five were discarded due to a steep 
learning curve and the following 15 responses analysed for a mean and standard deviation (SD). 
The mean and SD were used for all further tests and each test reaction time was measured 
against the baseline. 
2.4.3.3  Feedback on Driver Performance 
The means of communicating that a driver’s performance is reduced was through a telemetry 
system. A Maxon 1 Watt radio wais connected to the main microprocessor and it was used to 
transmit data packets on an UHF band between 450 MHz and 480 MHz. A similar radio 
captured the transmitted data at a central control room. A computer software package was 
developed to receive the data and translate it into meaningful information. The data could be 
used to either warn of a slow response to stimuli, or as a means of collecting and collating the 
data.  
When a driver responded slower than two or three SD below the baseline mean time, a siren  
sounded on the computer program. This audible alarm alerts personnel in the control room to a 
driver that is responding slowly. At this point, the personnel called up the driver on his/her CB 
radio and discussed possible countermeasures with the driver. The warning message and 
countermeasure discussed were also recorded in the program. Initially, the data were 
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site often forgot to do this so the PC on site subsequently had a PC Anywhere program and 
modem installed. This allowed the Project Manager to down-load data (for example in 
Queensland) from the computer in Perth. This clearly aided the smooth transfer of data for 
analyses during the trials. 
3  VALIDATION TRIAL - FIELD 
3.1  Trial at Burton, Mt Owen and Marandoo Mines 
The research team decided that the pilot program would focus on implementation and 
measurement of the device in haul trucks. This would allow the most simple and cost effective 
alterations and advances to the device, and provide a controlled variable (the haul truck), rather 
than testing the device on several types of machinery.   
The Mount Owen open cut coal mine in New South Wales and the Burton Downs open cut coal 
mine in Queensland were chosen as trial sites. A request for these sites was put forward by a 
Regional Manager of Thiess Contracting (who were the contractors working at the two sites), to 
trial the devices at their mines as they were very interested in the development. The trial at the 
Marandoo site in Western Australia was utilised to obtain further data. The Mount Owen and 
Burton sites were treated similarly, while the trial at Marandoo had a few slight variations. 
Where the apparatus or methodology changed, it will be noted within the following sections. 
 3.2  Burton, Mt Owen and Marandoo Mines Methodology 
3.2.1 Subjects 
Twenty subjects from each of the three sites were asked to participate in the trials. They were 
sent information regarding the research and the nature of the confidentiality of the reporting of 
data. No subjects were coerced into participating and all were advised that they were free to 
withdraw from the trial at any point they wished without predjudice. An Ethics Permit 
(274/2000) was obtained from Murdoch University’s Ethics Committee to conduct research 
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3.2.2 Apparatus   
The apparatus required to test the device’s effectiveness in measuring operator performance in 
open-cut mines was as follows: 
•  Eight stimulus-reaction task devices; 
•  Eight haul truck trucks fitted with the stimulus-reaction technology; 
•  Video cameras fitted to the dashboard of the vehicles which have the technology installed; 
•  A push-button sleepiness scale installed with each stimulus-reaction task device; 
•  Communication systems and data logging equipment for each vehicle fitted with the 
stimulus-reaction task device, and 
•  Supervisors warning system to allow the supervisor to receive warning messages and collect 
data. 
The push-button sleepiness scale was not utilised at Marandoo. Only four trucks were fitted 
with devices at Marandoo. 
3.2.2.1  Stimulus – Reaction Device Specifications 
The stimulus – reaction device is a divided attention, forced-choice reaction task. It is just 
within the sightline of the operators and acts as a secondary task when the operator is driving 
the vehicle. The operator is forced to choose between left and right response buttons in reaction 
to a stimulus provide on a left or right presentation. 
Electronically, the stimulus – reaction system consists of the following components: 1.) A PC 
with communications module, 2.) A talk through repeater (if required) and 3.) A Stimulus - 
Reaction Unit. These three main components work in unison to make up the complete 
monitoring system. The talk-through repeater was only required at the Marandoo site due to the 
undulating hills at the site. 
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control module (the heart of the vehicle system) houses a Romteck Delta IV series 
microcontroller board incorporating a Motorola 32 bit microprocessor. This board controls and 
monitors all of the functions of the vehicle monitoring system. Attached to it is a Dallas Touch 
key reader, inputs from vehicle park brake and reversing signal as well as heavy-duty response 
buttons from the front of the unit. It also controls the two stimulus arrow lights (mounted in a 
separate module) as well as a piezo buzzer. A separate connection to a data radio, which allows 
data to be routed between the vehicle and the base PC, makes up the last of the in-vehicle 
system.   
The radio unit is generally connected to a 4.5dB UHF whip antenna. The entire system runs on 
12V DC. All components are housed in a rugged tamper-resistant enclosure. The stimulus lights 
are mounted in a separate module that connects to the main module via an umbilical cable.  
The in-vehicle system communicates to the base PC via a talk through repeater site. The 
Marandoo trial site comprised a Romteck RM1000RR talk through repeater unit. This unit is a 
2U rack enclosure and consists of all equipment required for a complete talk through repeater 
unit including 2 data radio’s, a Romteck data switch unit and duplexor. The install is usually 
complemented with a dipole or co-linear antenna mounted on an adjacent mast. 
At the PC end, a Romteck communications module is connected with the PC on a RS232 
connection. This allows it to send data in a suitable manner through to a data radio unit via the 
repeater to the remote vehicle units. The communications module consists of a FSK data radio, 
PC interface and power supply. 
Figure 1 below illustrates the basic components of the technology. 
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Figure 1: The stimulus – reaction device basic components. 
 
 
 
 
Figure 2 below shows the device as it is mounted within the (Caterpillar 789B) haul truck.  
 
  Stimulus lights. Later changed to 
LED arrows. 
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Figure 2: Functional device shown on dashboard of Caterpillar 789B. 
 
3.2.2.2  Baseline Data Collection 
Baseline data were established only through periods that are generally high in human alertness. 
It was measured at the start of shifts when the operators were likely to be freshest (e.g. 06:30 
hrs– 10:00 hrs, and 18:30 hrs – 22:00 hrs). The operators were presented with visual stimuli at 
random intervals (between 10 and 15 minutes apart), with an average interval of 12.5 minutes 
between presentations. The baseline data collection period was originally to last approximately 
one week. However, an issue that developed after the one-week baseline period was that not all 
of the personnel had been on the vehicles enough to have a reasonable amount of baseline 
measures. The firmware was thus changed so that the device would collect the first 20 baseline 
measures, analyse the data, and then switch over to real-time testing for that particular operator. 
This alleviated the issue with having to continually move the ‘switch-over’ time back due to not 
having baseline data for all operators. 
Operators were tested on any of the devices and the data transmitted via radio links to the 
central processing unit (CPU) held within the supervisor panel. Once 20 baseline measures were 
collected, the CPU analysed the data and established the mean and standard deviation reaction 
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time for the operator. These measures were then transmitted to all units (via radio links) for real-
time testing purposes. Therefore, each operator could operate any of the devices in any of the 
test trucks and be tested against their baseline mean reaction time measures. 
To avoid any operators attempting to set up a slow mean reaction time (allowing slow 
performance in real-time to be viewed as normal), the device rejected any baseline data that was 
slower than three seconds. This is recorded within the system as a ‘missed response’ so those 
operators can be assessed as attempting to cheat the system at a later stage. This is important, as 
it would be likely to occur should an organisation implement the system and enforce it on the 
operators. 
3.2.2.3  Stages of the Device 
For the purposes of this study, a slow response to a stimulus is shown as occurring if the 
operator responds slower than one, two or three standard deviations from their personal baseline 
measure.  
A slow response will be determined if any of the operator’s reaction times (in real time) slows, 
for example, more than 1 SD above the mean reaction time for that operator. For example:  
If an operator has a mean reaction time of 600 milliseconds and a standard deviation of 
100 milliseconds, then 1 SD above the mean reaction time would be 700 milliseconds.  
If the operator responds with a reaction time slower than 700 milliseconds, the device 
would progress to stage two, and so on. 
The measure used to determine how many standard deviations away from the baseline reflects a 
fatigued state, is arbitrary.  This will be refined during the research, as data are first needed to 
ascertain exactly what a slow response time is. 
The stimulus-reaction device operates in four defined stages. Stage one is the random 
presentation of a visual stimulus created by illuminating either a left or right lamp (green 
colouration) on the control panel. Pressing the wrong response button according to the location 
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the predetermined baseline (but not more than two), prompts the device to move to stage 2. The 
response buttons are two fluorescent green buttons constantly illuminated by a dim light 
between them.  To remain at stage one, the operator must respond in less than one standard 
deviation below the baseline measure. 
During the trial, operators requested that an audio stimulus also be presented in conjunction 
with the green light emitting diode (LED), as they sometimes did not have the stimulus lights in 
their visual field. Thereafter, a one-second buzzer sounded whenever a stimulus light was 
presented. Further, the stimulus lights were later changed to arrows to allow better interpretation 
of left and right stimulus in low levels of light, as the button shaped LEDs were hard to 
determine (left or right) at night. 
At stage two (following a slow or wrong response), there was a decrease in the stimulus interval 
period (SIP) to six to ten minutes apart. No warning for either the operator or the supervisor was 
given at this stage as it was considered a marginally slow response and may have been affected 
by the operator tasks or environment.  
Stage three was enabled if the operator responds to the stimuli between two and three standard 
deviations below the baseline measure. At stage three, the SIP advanced to a presentation every 
one to five minutes apart and a warning sent to the supervisor as an illuminated red lamp on the 
supervisor warning panel and a short buzzer sound. The red lamps had the truck number 
labelled below the light to enable the supervisor to know which truck had a slow responding 
operator. The supervisor warning panel was later replaced with a PC computer for better data 
collection and warning presentation. 
If the operator failed to react to the stimulus within three seconds, or if the reaction was slower 
than three standard deviations below baseline, the danger alert sent to the supervisor was shown 
as an illuminated lamp accompanied by a continuous audible buzzer warning. This warning was 
to be viewed as highly important as the operator may be in a sleepy state. The device would be 
at stage four and would continue to test the operator approximately every two minutes. The 
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the panel once he/she has contacted the operator in question. A buzzer warning also sounded 
within the cab to alert the operator that he/she had either missed a signal or was too slow to 
respond. The buzzer operated intermittently (e.g. beep, beep, beep) to discriminate it from the 
original stimulus tone (one continuous beep). 
The device moved to the appropriate stage dependent on the operator responses and the speed of 
those reactions. Therefore, if the device was operating at stage one and the operator was 
considerably slow (or misses the signal), the device advanced directly to the stage as shown 
below: 
Stage 1     All responses faster than one standard deviation below baseline.   
Stage 2   All responses between one standard deviation below baseline and two standard 
deviations below baseline. 
Stage  3    All responses between two standard deviations below baseline and three 
standard deviations below baseline. 
Stage 4   All responses slower than three standard deviations below baseline (including 
missed responses). 
The device was designed to not simply move up to higher stages depending on the speed of the 
operator responses. Rather, it moved up one stage at a time if the operator continued to respond 
fast enough to be within one standard deviation of the baseline measure. For example, if the 
device were operating at Stage 3, any reactions that fell within a range for Stage 1 or Stage 2 
operation would move the device up to Stage 2. It would not, however, move directly back to 
Stage 1 if the reaction were fast enough for the Stage 1 operation. The operator had to respond 
to the next trial within the Stage 1 time limit to advance back to Stage 1. 
Data outputs from the fatigue monitoring device were tab delimited and contained the following 
information: 
•  The ID of the operator for which the measure is taken (1- 20 for Burton & 21-40 for Mt 
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•  Date in the format of month and day (i.e. 0522 would show a measure recorded on the 22
nd 
day of May). The year was not necessary; 
•  Time of the signal presentation in the format of hours and minutes (i.e. 0235 would show a 
signal at 35 minutes past 2 AM); 
•  Reaction time in the form of milliseconds (four digits); 
•  Response status of the device: 
1.  Correct response 
2.  Wrong response 
3.  No response (within 4 second time frame) 
4.  Bad response (when operator pushes reaction buttons when no stimuli present) 
5.  Subjective response  
6.  Power reset or started 
•  Current stage of the device (1, 2, 3 or 4). 
In cases where the supervisor received a warning message, he/she was to contact the operator to 
discuss whether or not they should continue to drive or take a break from operating the 
machinery. Although this would alter the performance of the driver for the purpose of this 
study, there was a ‘duty of care’ to intervene, as a supervisor has to act responsibly if an 
operator was deemed to be tired or in an unfit state for work. 
3.2.2.4  Video Monitoring of Facial Images 
Video monitors were utilised in all haul trucks which had the stimulus-reaction device installed.  
They have been used over the last decade in correlational studies of driver drowsiness (e.g. 
Dinges & Mallis, 1998, Katahara, Nara & Aoki, 1995). Video images of facial structure 
(especially eyelid closure), although not well validated as a ‘stand alone’ method of monitoring 
driver alertness in real time, allows researchers to correlate times of long eye closures to other 
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research team to correlate slow or missed reactions to stimuli, with video evidence of extended 
eye closures.   
Video images were frame by frame (six per second), encrypted with the time to allow accurate 
correlation with reaction measures. The video recorded facial images 15 seconds before and 15 
seconds after the presentation of the visual stimuli. Each 30 seconds of video evidence was later 
assessed to detect periods of long eye closure. Correlational analysis between video evidence 
and recorded reaction times can determine whether the device is accurately detecting slow 
reaction responses when the operator is having trouble keeping their eyes open. 
3.2.2.5 Sleepiness  scales 
The research team proposed that a push-button sleepiness scale also be used to correlate slow 
reaction times and missed responses with the operator’s subjective opinion of his/her own 
sleepiness levels. The push-button scale was a simple one-to-five scale, with one reflecting a 
highly wakeful state, continuing up to five reflecting a nearly asleep state. The operator was 
prompted to record his/her subjective opinion at hourly intervals The buttons would backlight to 
prompt a response. Data were recorded for times and level of sleepiness noted. The sleepiness 
scale was not utilised at the Marandoo Mine. 
3.2.2.6 Bad  Reactions 
Some operators were likely to keep pressure on the response buttons so that immediately a 
signal is given, it was responded to. Others may have found a way of jamming the button in 
with an object. This was avoided by the presentation of an audible warning given to the operator 
when the touch pads were pressed during a non-stimulus period. The warning tone remained on 
for one second. Further, for each stimulus presentation, the device required a separate response. 
Therefore, another separate press of the button was required to acknowledge the reaction to the 
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3.2.2.7  Supervisor Warning Panel 
The warning panel located with the supervisor was a mobile box powered by the cigarette 
lighter receptacle of the vehicle. A portable radio antenna was supplied and attached to the roof 
of the vehicle. The warning panel had a ‘reset’ button, so that the supervisor could reset the 
panel once he/she had contacted the operator in question. The time it took for the supervisor to 
respond to the warning signals were recorded as follows: 
Log  ID  (ID of truck that originated the alarm (1-4) or "0" if supervisor pressed 
acknowledgment) 
Month   (when alert/acknowledgment was received i.e. buzzer is activated/button was pushed) 
Day   (when alert/acknowledgment was received i.e. buzzer is activated/button was pushed) 
Hour     (when alert/acknowledgment was received i.e. buzzer is activated/button was pushed) 
Minute (when alert/acknowledgment was received i.e. buzzer is activated/button was pushed) 
Second (when alert/acknowledgment was received i.e. buzzer is activated/button was pushed) 
Whenever an alarm was received from a truck, it was logged by virtue of a date and time stamp 
associated with the receipt of the alarm. When a supervisor acknowledged an alarm, a log would 
be created by virtue of a date and time stamp. The time for a supervisor to react to an alarm may 
then be calculated to the nearest minute, if and where desired, based on all the alarm and 
acknowledgment status. At the Marandoo site, a PC was supplied so that the data communicated 
through the radio system could be delivered direct to the PC without anyone having to 
download data.  
3.2.2.8 Personnel  Identification 
Each of the operators had their own touch key that carried their identification details. Four spare 
keys were kept at each of the sites in case personnel lost their key. If a key was lost and a spare 
used, the device could be reprogrammed by the supervisor to then take the baseline data for the 
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At the start of the trial period operating shift, the operator would touch the key to the receptacle 
on the device to activate the monitoring device. A one-second tone notified the identification of 
the key. When the device was enabled, the operator specific baseline measure was utilised 
throughout the period that they drove the truck. Once the device had read the key that had been 
touched, no more readings were taken for the following 10 seconds. This was to avoid re-
reading the key and disabling the device if the key is in contact with the receptacle for too long.   
The operator was to touch the key again once he/she has finished the shift to disable the device.  
If the vehicle’s power was turned off during the trial period, the operator was to then touch the 
key again to enable the device. If an operator failed to remember to touch the key when they 
finish their trial period, the device would read the next operator’s key and install their baseline 
data for the following trial period. 
When the test vehicle was powered up, the device stage for each of its (the vehicle’s) operators 
would reset to Stage 1. If an operator, for any reason, touches-off then back on, the device 
reverted back to the stage of operation that was in use when the operator touched-off. For 
example, if an operator was tired and the device was operating at Stage 3 when the operator 
touched-off, when touched back on, the device would immediately operate at Stage 3. This was 
utilised to avoid operators resetting the device if detected as performing slowly. Rather, they 
would have to completely stop and shut down the vehicle to enable the device to reset to Stage 
1. This is rather impractical for them to do in a mining environment. 
3.2.2.9  Disabled when reversing 
Operators of haul trucks are constantly reversing their vehicles for the purposes of loading and 
unloading. In either a reverse movement or when the vehicle had the park brake applied, the 
monitoring device was disabled. Reversing and parking inputs were available from the haul 
truck, as was the power to the unit. Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 55 
3.2.3 Procedure 
3.2.3.1  Timing of test data collection 
The stimulus – reaction technology was programmed to function only at specified times 
throughout the 24-hour day at the Mt Owen and Burton Mines. During the testing phase, the 
device was only to become active when an operator touched their identification key and 
operated the test truck between the hours of 00:30 hrs to 06:30 hrs, and 12:30 hrs to 16:30 hrs. 
This was at the request of Thiess who were supporting the trial and providing in-kind support. 
The technology was changed to measure performance during all times of the day at Marandoo. 
3.2.3.2  Collection of Data 
Data were sent from trucks on site to the supervisor module at each mine site. Personnel from 
Mt Owen and Burton Mines were asked to down-load the data each week and email it for 
processing. Marandoo only had to email the data direct from the personal computer (PC) on site. 
Video tapes were to be changed once a week and a new tape inserted. Videos were also sent for 
analyses. 
3.3  Results of Field Trial at Mt Owen, Burton and Marandoo Mines 
Utilising the Summary of Scientific Criteria Table from Stage 1 (taken from Dinges & Mallis, 
1998), Table 7 summarises how the device could be scientifically evaluated. 
 
 
Table 7: Summary of scientific criteria.  Adapted from Dinges and Mallis (1998). 
Criteria  Meaning  How this will be measured 
Validity  Does it measure what it 
purports to measure? 
Correlational analyses of reaction times 
and warnings, with video records of eye 
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Reliability  Does it measure the same thing 
consistently? 
Correlational analyses of reaction times 
and warnings for the same subject over 
repeated periods. 
Generalisability  Does it measure the same 
events in everyone? 
Between subjects analyses of reaction 
times and warning signals. 
Sensitivity  How often will the device miss 
detecting a fatigue event or 
operator? 
Correlational analyses of reaction times 
and warnings, with video frames of eye 
closure and subjective sleep states. 
Specificity  How often will the device give 
an alarm that is false? 
Correlational analyses of reaction times 
and warnings, with video frames of eye 
closure and subjective sleep states. 
 
Data necessary to have confidence in validating the monitoring device was not obtained in the 
trials at the Burton and Mt Owen mines. There was a small amount of data collected from the 
Mt Owen site and a negligible amount collected from the Burton mine. The reasons for this are 
stated later in the report. The data collected from the Marandoo trial were utilised to enhance the 
data collected from the Mt Owen and Burton mines. The methodology was very similar, with 
exceptions being that only four devices were utilised and the sleepiness scale buttons were not 
used. Data outputs were kept the same.   
Data were input into the Statistical Package for Social Sciences (SPSS) for analysis. Data 
indicating Stage 3 and Stage 4 reactions were selected for analysis as they represented when an 
operator was reacting to stimuli slower than 2 SD and 3 SD below baseline reaction time 
respectively. Thus, such data would show when the operator is performing very slowly 
compared to his/her performance at the commencement of shift. 
The following crosstab (Figure 3) analysis assessed when Stage 3 and Stage 4 reactions were 
produced according to time of day to show whether any patterns were evident. Noting that the 
Marandoo trial had the system in operation throughout the 24-hour day, the results indicate that 
a circadian effect was present, with a large portion of the Stage 3 and Stage 4 reactions 
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between 12:00 hrs and 18:00 hrs. There were also a high proportion of Stage 3 and Stage 4 
reactions between 20:00 hrs and 21:00 hrs. Investigation found that most of these reactions 
(between 20:00 hrs and 21:00 hrs) belonged to one man who, upon questioning, stated that he 
ate a large three-course meal before commencing nightshift at 18:00 hrs. Since the discussion he 
has reduced the size of the meal and anecdotal evidence suggests he is more alert during the 
evening shift. 
Figure 3: Time of Day Effects on Operator Performance as indicated by Stage 3 (Slow) and Stage 4 
(Extreme) warnings. 
 
This analysis can only be used to establish the face validity of the technology, as there was no 
other performance measure available to correlate the data with. Anastasi (1988) has suggested 
that face validity is: 
…not validity in the technical sense; it refers, not to what the test actually measures, but 
to what it appears superficially to measure. Face validity pertains to whether the test 
“looks valid” to the examinees who take it, the administrative personnel who decide on 
its use, and other technically untrained observers (p. 144). Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 58 
Validation of the device from the field trials was not possible due to the lack of video data 
collected from within the vehicles. Video images were either not discernable or not collected 
due to vandalism of the video cameras. Only one operator thought that he registered a false 
alarm as the device detected him as slow to respond during the day. He may simply have been 
unaware that humans can actually get tired during the day. The time of day performance effects 
shown above suggest he would not be alone in getting tired during the afternoon. Other drivers 
suggested that the time of day/night ‘slow’ readings reflected how they often felt at those times 
of the day or night. 
Personnel in the control room who received the warning messages supported the data collected 
at Marandoo. Their task was to respond to the operators and organise countermeasures 
according to instructions left by the supervisor of the shift at the time. There was no mention of 
false alarms and many operators changed crib breaks or took breaks to counter the effects of 
being tired. The device also supported the current policy at Marandoo that asserts that personnel 
must alert the immediate supervisor if feeling tired on the job. There was no mention of any 
operators reporting having got drowsy whilst driving without the episode captured by the 
device. However, it cannot be assumed that any operators would report such occurring, as this is 
not the normal culture of the workforce. 
Lavie’s (1986) forbidden sleep zones suggest that between 20:00 hrs and 22:00 hrs, a period 
exists whereby sleep was not generally taken by subjects with a sleep debt of a full night. As 
previously discussed, one operator at the Marandoo open cut trial had problems with slow 
responses to stimuli at approximately 20:00 hrs on each nightshift. This was only two hours into 
his shift. He was a large man and was 55 years old. When discussed with him, he mentioned that 
he ate a three-course meal with his family prior to commencing his shift at 18:00 hrs on each 
nightshift. This was almost a ‘tradition’ with his nightshifts. It was also ‘normal’ practice for 
him to get very tired each night at around 20:00 hrs. After being advised that he should eat a 
small ‘breakfast’ style meal before commencing nightshift, he has found it much easier to get 
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largely dependent upon many influential factors. 
3.4 Issues 
3.4.1 Remote  Operation 
There were a considerable number of issues encountered throughout the life of the project. The 
first of these was the requirement to operate the project remotely from Western Australia. The 
decision to conduct the research in this manner was purely to keep the costs of the project low. 
As the cost of travel from Western Australia to any of the trial sites was very high, minimal trips 
of this nature were planned. The impact of the inability to afford frequent visits by the device’s 
developer and fitting engineer was very costly in project time. For example, if urgent changes to 
the devices were needed, it was up to the support staff on-site to provide this assistance. As 
there was only one support staff at each location, the timing of such help was dependent upon 
priority. This became a major issue when having to upgrade firmware or fix breakages when 
they occurred. 
Although little data was lost to this problem, support staff often did not have sufficient time to 
manage the trial on their own. At times they had to liaise with supervisors to get the relevant 
personnel to operate on the trucks fitted with devices. This was not always easy as the 
operations were designed to enable ‘hot seating’, whereby operators would move from one 
vehicle to another during the course of the daily shift. Therefore, trucks with devices fitted 
would often not be driven by operators that were subjects within the trial. 
3.4.2 Device  Issues 
3.4.2.1 Methodological  Issues 
The early method of baseline data collection was to collect baseline measures for the first week 
and then change the devices over to real-time testing afterwards. This became an issue as the 
operators were not always able to choose the truck they would work on or they would have to 
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changeover to real-time testing would arrive and only a few operators would have established a 
baseline measure. After the deadline was moved back several times, it was decided that the 
firmware would be changed so that any unit would take baseline measures and send them to the 
supervisor unit. Once 20 measures had been taken, the unit would analyse the mean and 
standard deviation of the operator’s reaction time and radio the measures out to each fatigue 
device. The operator could then be tested on any vehicle that has a device fitted, utilising his/her 
own baseline measures. 
3.4.2.2  Vandalism to the Units 
Whilst the devices were developed to enable down-loads of data files to change firmware when 
needed, the devices required a certain amount of timely management and care. Support staff in 
trial locations would be required to check the devices to determine whether they had been 
vandalised in any way and if possible, fix the problem.  
During the trial, there was a continuous issue with operators breaking off the buttons used to 
record subjective fatigue scores. For a considerable amount of time they were replaced at a cost 
to the project. Unfortunately, the issue became worse, to the point that operators could not 
record their subjective responses due to the numbered button not being available. The buttons 
were then disconnected and the subjective testing omitted from the trial. Other damage was to 
the video recorders. One received a broken lens and two had the cover over the tapes forcibly 
removed. The cost of fixing the cameras was around $550 each which was not allowed for 
within the budget. 
3.4.2.3  Choice of Vehicles 
At the commencement of fitting the devices into the haul trucks, it was decided to install the 
devices into trucks that were already in the workshop. This was done to limit any downtime of 
vehicles. However, by choosing to work on these vehicles, the devices were fitted into some of 
the haul trucks that were constantly in the workshop. In fact one of the trucks utilised has had its 
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site and the device was removed prior to the secondment. Therefore, at the particular site, two of 
the four devices were hardly utilised throughout the life of the project. On a different note, one 
of the supervisor vehicles that had the supervisor unit fitted was damaged in an incident on site. 
The supervisor unit also suffered damage in the incident. 
4  VALIDATION TRIAL – DRIVING SIMULATOR 
4.1  Argument for Simulator Trial 
 
Due to the non-acceptance of the use of facial video monitoring at the three field experiment 
sites, there was a lack of video evidence collected. This did not allow any scientific validation to 
be undertaken as the data could not be compared with any other measure of physiology. 
Therefore, the experimenter organised a trial on a driving simulator at Murdoch University in 
Western Australia. Subjects were paid to drive the simulator and as such, did not refuse to have 
their facial images video taped. Further, the controlled environment ensured that the 
experimenter could obtain adequate lighting and focus of the subjects’ faces at all times. All 
subjects were assured of the anonymity of all data (including video images). 
It could be argued that utilising a driving simulator to capture validation data for the monitoring 
device is subject to issues. In fact there are differences in most aspects of driving conditions and 
subjects involved, when compared to the mining environment. However, the importance of the 
validation data was to determine if the device actually measures what it purported to measure –
fatigue. Thus, neither the subjects who drove nor the driving conditions themselves need to be 
compared to actual mine situations. The validation of the instrument entailed capturing data 
relating to eye closures and data relating to reactions to stimuli. If the two sets of data showed 
concordance, then the instrument can be said to measure what it purports to measure.  
4.2  Driving Simulator Trial Methodology 
4.2.1 Subjects 
A total of eight subjects participated in the simulator trial. Although subjects were paid for their 
time, it was difficult to find willing subjects, as the conditions were reasonably demanding. 
There were three women and five men, aged between 18 and 38 years old. Conditions required 
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•  Current driving license to have been held for at least a year; 
•  Not having to wear glasses to correct vision (so video images would be clear); 
•  No substantial health problems that may be aggravated by the simulated projection (e.g. 
Epilepsy); 
•  Not to be taking any medications on the day of the trial, and no stimulant drugs (including 
caffeine), and 
•  Be willing to attempt to drive over a long period of time. 
4.2.2 Apparatus 
The STISIM driving simulator at Murdoch University was utilised to test subjects with the 
monitoring device. The simulator is a half of a Ford Laser (front including the cabin) situated in 
a room that has darkened windows and a controlled environment. A data projector and screen is 
used to display an image of a roadway in front of the vehicle. The vehicle has working steering, 
brake and accelerator inputs that allow the subject to simulate driving along the projected 
roadway. A computer collects data relating to crashes, speed, and a number of steering, brake 
and accelerator inputs.  
The image used for the study was one that was developed to mirror a boring and monotonous 
country drive. The front section of a truck bonnet is displayed at the bottom of the screen and is 
steered by the subject in the vehicle. A top speed of 145 kilometres per hour is achievable; 
however, subjects were told to drive at 60 km/h so that each drive would last for approximately 
45 minutes. The drivers were also told to drive responsibly as they would be expected to in a 
normal environment, with the exception that they were to continue to drive if tired. The same 
driving scenario was used repeatedly throughout the test sessions. 
Mounted on the dashboard of the vehicle was the fatigue monitoring device being trialled. As 
the vehicle was significantly different to the haul trucks used earlier to test the device, the 
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response buttons, which enabled the reaction to be less complex than in the haul truck scenario. 
For example, in haul trucks the stimuli is in the left visual field and the reaction buttons in the 
right visual field. For this reason it was expected that responses to stimuli would be 
considerably faster than in the haul trucks, as the subject did not have to perform the forced-
choice task and reacted to the stimuli on the same side as the stimuli presentation. It was also 
expected that reactions to stimuli when drivers were tired would be faster than in the haul 
trucks, as the task is easier and the thought processes fewer. The result of this is that tired 
drivers should be harder to detect with the fatigue monitoring device. Therefore, if the device 
still captures most slow responses to stimuli, then it can be said to be performing well. 
A Canon video recorder with low-light capabilities was used to record information relating to 
eye movements and closures. TDK Super 8 video tapes with 90 minutes recording time were 
used for each subject. As in the field trials, a 30-second episode of video evidence was collected 
for each time a stimulus was presented to the subject. This consisted of 15 seconds before to 15 
seconds after the presentation of each stimulus. At the completion of the trial, the tapes were 
dubbed onto 3-hour tapes to be viewed by raters. 
4.2.3 Procedure 
The test program was designed so that subjects would be likely to fall asleep whilst undertaking 
the task. This was to measure the device’s capabilities through utilising measures of eye closure 
as a proxy for getting tired and experiencing micro sleeps. The program included a requirement 
for subjects to: 
•  Awaken at or before 08:00 hrs on the day of the trial, attempting to get at least seven hours 
of prior sleep. This ensured subjects were not sleep restricted in any way; 
•  To arrive for testing at 10:00 hrs; 
•  Drive until 14:30 hrs, having a 5-minute break approximately every 45 minutes. Take a 
half-hour break then recommence driving from 15:00 hrs till 18:30 hrs. Take a 3-hour break 
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hour break, and then continue the night drive until 06:00 hrs if possible. A total of 16 hours 
driving was possible. If the subject were still driving at 06:00 hrs, they would have been 
awake for at least 22 hours; 
•  Not take a nap in the 3-hour break between driving sessions; 
•  Not take any stimulant drugs (e.g. Guarana, No-Doz, etc) or caffeine-based drinks or foods 
for the entirety of the trial, and 
•  Agree to be driven home after the trial and to not operate any machinery or drive until 
sufficient restorative sleep was obtained. 
A baseline for each subject was established over the initial 11 tests. Stimulus-interval periods 
were kept the same as for the three field trials. This took approximately the first two hours of 
each session to establish. After the baseline was established, subjects were continuously tested 
throughout the remaining time. 
4.3  Results of Simulator Trial 
Most subjects found the driving task so boring, monotonous and tiring that they quit well before 
the allotted time of 06:00 hrs. The following list shows approximately how many hours of 
driving were undertaken by each subject. 
Subject 1  13.5 hours, finishing at 03:30 hrs; 
Subject 2  10.5 hours, finishing at midnight; 
Subject 3  14.5 hours, finishing at 04:30 hrs; 
Subject 4  16.0 hours, finishing at 06:00 hrs; 
Subject 5  13.5 hours, finishing at 03:30 hrs 
Subject 6  13.0 hours, finishing at 03:00 hrs; 
Subject 7  15.5 hours, finishing at 05:30 hrs, and 
Subject 8    8.0 hours, finishing at 18:30 hrs. Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 65 
This gave a total of 104.5 hours of data collected, including approximately 4.5 hours of video 
evidence to check against data obtained from over 400 stimuli presentations. Disregarding the 
baseline data, 345 sets of data remained for use in the analyses. 
4.3.1  Eye Measures and Device Stages 
Each 30-second segment of video data were analysed by two raters. The two raters were to 
assess the evidence and to assign each segment into the following categories based on how they 
determined the subject was responding with his/her eyes: 
1  Alert & open 
2  Frequent Blinks 
3  Slow Blinks 
4  Droopy Eyelids 
5  Yawning (causing a momentary eye closure) 
6  Eye Rubbing 
7  Closed/Open Eyes (indicating closed for short periods, then opened) 
8  Closed for lengthy period (more than 1 second) 
Table 8 shows the frequencies of eye categories as scored by the two independent raters. 
Agreement rate was over 95% on the 345 tests. Where agreement between raters was not found, 
a third rater viewed the data and assigned the category for the segment. Raters assigned the 
following frequencies. 
Table 8: Frequency of eye measures observed. 
 Alert  Freq 
blinks 
Slow 
blinks 
Droopy 
eyes 
Yaw
n 
Eye 
rubs 
Closed 
-open 
Closed Total 
tests 
Frequency  245  26 18 6  8 4  25 13 345 
 
A Crosstab analysis was performed to assess the frequency of different eye measures against the Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 66 
four stages of operator performance as measured by the fatigue monitor. This allowed early 
assessment of whether the eye measures were appropriate for comparison with reaction times. 
The mean and standard deviation of reaction times relating to the various eye measures were 
utilised to assess whether or not there was a level of discrimination between the eye measures. 
The frequencies of eye measures captured in the various stages of alertness (e.g. 1 – 4) are 
shown in Table 9, together with the mean and standard deviation (SD) of the reaction times. 
Times are shown in milliseconds. As there was a three-second window to respond to the stimuli, 
the response time allotted to a complete miss was recorded as four seconds.  
Table 9: Crosstab analysis of eye measures observed for each reaction stage of the fatigue monitor.  
 Alert  Freq 
blinks 
Slow 
blinks 
Droopy 
eyes 
Yawn Eye 
rubs 
Closed 
-open 
Closed 
Stage 1  199  19  8 1 5 2 6 1 
Stage 2  23  5 2 1 2 1 6 1 
Stage 3  19  2 5 3 1 1 5 1 
Stage 4  4 0 3 1 0 0 8 10 
Total  245  26  18  6 8 4 25  13 
Mean  RT  msec  983  1332 1403 1962 1154 1053 2200 3293 
SD  msec  431 529 549 1108  295 378 1186  1133 
 
4.3.1.1  Combining Eye Measure Variables 
It was considered that the number of eye variables be reduced due to the small frequency rates 
found in some measures. This was conducted using the mean and standard deviation of the 
reaction times for each group of eye measures. As there were few measures of droopy eyes, 
yawning and eye rubs, it was considered they be combined with other measures that have 
similar reaction times. The data suggested that the variable ‘droopy eyes’ was similar to 
‘closed/open’ and also reflected the movements of eyes. Both ‘yawning’ and ‘eye rubs’ had fast 
reaction times mirroring those associated with an ‘alert’ status. Thus, the variables were grouped Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 67 
together yielding the following new mean and SD reaction times. 
Table 10: Condensed eye measure variables, showing revised frequency and mean data. 
 Alert/eye 
rubs/yawning 
Freq blinks  Slow blinks  Closed  –
open/droopy 
eyes 
Closed 
Stage 1  206 19  8  7  1 
Stage 2  26  5 2 7 1 
Stage 3  21  2 5 8 1 
Stage 4  4 0 3 9 10 
Total 257  26 18 31 13 
Mean RT msec  990  1332  1403  2154  3293 
SD  msec  426 529 549 1157  1133 
 
The Table 10 data suggests that the mean and SD of the newly formed ‘Alert’ and 
‘Closed/Open’ categories has changed very little. This would suggest that yawning and eye 
rubbing has little concordance with reaction time data, while droopy eyelids has a similar 
concordance with slower reaction data as closed/open eyes. 
4.3.2 Validity  Results 
The validation measures of the fatigue monitor are presented in line with Dinges and Mallis 
(1998). The first measure of validity relates to whether or not the device measures what it 
purports to measure, namely fatigue. The concept of the fatigue monitor is that when measures 
slower than 2 SD (Stage 3) and 3 SD (Stage 4) below personal baseline measure are detected, an 
alert is presented to the supervisor (or other personnel) who is called to action to discuss the 
issue with the operator. The assumption is that the operator may be getting tired, hence, the 
slower reaction.  
Once the eye measures were grouped to allow assessment against the reaction time criteria, they 
were plotted against the four stages of the device. The plot below shows how the four stages of Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 68 
reaction times capture the different eye measure. It is clear from the plot that the alert eye 
measures are nearly all captured at stage one of the device. That is, most alert eye measures 
reflect a reaction to the stimulus of less than one SD above the baseline reaction times for each 
individual. Naturally there are outliers indicated by the ‘*’ shown on the plot. These will reflect 
‘false alarms’ and ‘misses’ which will be discussed later. 
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Figure 4: Plot associating eye measures with four stages of the fatigue monitor. 
 
The figure also shows a ‘stepping’ affect of the other eye measures moving up the device stages, 
culminating in eye closures reflecting nearly all stage four measures on the device. A non-
parametric Kendall’s Tau b was utilized to assess the concordance between the stages of the 
device and the categories of eye measures as rated by the three raters. A positive correlation 
would show that as subjects eyes went from alert and open, to closed, the device would change 
stages in an upward order (1 through to 4). Figure 5 below displays the Kendall’s Tau b and 
Spearman’s Rho Correlations. 
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Figure 5: Kendall’s Tau b and Spearman’s Rho Correlation Coefficient results. 
 
As shown in Figure 5, there is a strong positive correlation (r
2= 0.414; p< 0.01) between stage of 
device and measures of eye closure. Therefore, as the seriousness of eye closures increased, the 
device stages increased upward. 
If one assumes that the closing and opening or closing of eyes for a few seconds indicates 
fatigue, then the measures shown in Table 10 support that the device is measuring fatigue. Table 
11 presents the percentage of detection for either a warning (Stage 3 or 4) or a non-warning 
(Stage 1 or 2). The mean and SD is shown to support the difference between the sets of eye 
measures and reaction times.  
Table 11: Percent of eye measures captured as alert and slow responses. 
  Alert  Freq blinks  Slow blinks Closed  -open  Closed 
Stage 1 & 2 
(alert) 
90.3% 92.3% 55.6% 45.2% 15.4% 
Stage 3 & 4  9.7%  7.7%  44.4% 54.8% 84.6% Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 70 
(slow) 
Mean  990.29  1332.23 1403.56 2154.58 3293.62 
SD  426.70 529.61 549.37  1157.73  1133.79 
 
The above evidence indicates that where operators are very tired and have episodes of eye 
closure, the monitor will elicit warnings to appropriate personnel on 84.6% of occasions in its 
current operating state. It will also elicit warnings on more than half of the occasions when 
operators are tired enough to briefly close their eyes or have droopy eyelids.  
Whilst the above indicates a reasonably high detection rate for the most tired episodes, a simple 
change to the device will enable a higher detection. It was observed during the simulator trials 
that some drivers were having bouts of tiredness between stimuli presentations. Currently the 
stimuli presentations are presented randomly between 11 and 15 minutes apart. By shortening 
the stimulus interval period to between 7 and 9 minutes apart, the device will capture many 
more episodes of slower performance. In summary, the device shows good validity at the 
extreme ends of the eye measure spectrum. A decreased stimulus interval period will help 
tighten up the middle range. 
4.3.3 Reliability  Results 
Reliability of the fatigue monitor is said to be evident if it measures the same performance 
consistently for each individual. Measuring the same subject over different periods of work can 
assess this. Unfortunately, this measure cannot be ascertained as subjects were in the simulator 
for one day and night of testing. Data from the field trials could not be used, as they had no 
comparable data to test against (e.g. video evidence). 
4.3.4 Generalisability  Results 
Generalisability can be assessed utilising the data obtained from the simulator trial, however, the 
data set for this assessment is small and the results should be viewed with caution. Table 12a 
and 12b sets out the percent of eye measures for each individual that was assessed by the fatigue 
device as alert or slow. The main feature to assess is if the subject presents an eye measure such Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 71 
as that captured overall, then do they reflect similar reaction performance as measured by the 
device? Each cell presents the total percent of Stage 1, 2, 3, or 4 reactions against all eye 
measures recorded in each category. Empty cells indicate that the subject did not present any 
such eye measures. 
The contents of the two tables suggests that the device is generalisable for the ‘alert’, ‘frequent 
blinks’ and ‘closed’ eye measures, whilst it does not perform so well on the measures ‘slow 
blinks’ and ‘closed-open’. On the one hand the device will detect few false alarms consistently 
for any individual, however, at the current measuring interval, may miss a few fatigue events. 
Once again, the suggested shortening of the stimulus interval period should enable the device to 
capture more performance measures that reflect the ‘closed-open’ eye measures and would 
almost certainly make the device more generalisable. Overall, the device appears to be 
generalisable at the extreme ends of eye measures and the decreased stimulus interval period 
will increase generalisability of the ‘slow blinks’ and ‘closed-open’ measures. 
Table 12a: Percent of eye measures detected as alert (Stage 1 & Stage 2). 
  Alert  Freq blinks  Slow blinks Closed  -open  Closed 
Subject 1  88.9% 100% 100% 16.7% 33.3% 
Subject 2  57.7%  33.3%  36.4%  
Subject 3  100%  90.5%  33.3%  
Subject 4  85.7%  33.3%  66.6%  20.0% 
Subject 5  92.7% 100% 50.0% 100%   
Subject 6  100%      
Subject 7  94.7%  100%     
Subject 8  90.6%  80.0%    
Average  90.3% 92.3% 55.6% 45.2% 15.4% 
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Table 12b: Percent of eye measures detected as slow (Stages 3 & 4). 
  Alert  Freq blinks  Slow blinks Closed  -open  Closed 
Subject 1  11.1%    83.3%  66.7% 
Subject 2  42.3%   66.6%  63.6%  100% 
Subject 3   9.5%   66.6%   
Subject 4  14.3%  66.6%  33.3%  80.0% 
Subject 5  8.7%   50.0%   100% 
Subject 6       
Subject 7  5.3%      
Subject 8  9.4%   20.0%     
Average  9.7%  7.7%  44.4% 54.8% 84.6% 
 
4.3.5  Sensitivity and Specificity Results 
The data collected does not give sufficient evidence to confidently assess the level of misses that 
may occur using the fatigue device in the field. As the operators resisted using the video 
recorder in the field, there was no evidence to suggest they felt very tired at any point where 
they were not detected early by the device. There was no anecdotal evidence to suggest that this 
may have been the case during the field trials, however, two subjects in the simulator trial 
suggested they got very tired without getting a device warning. This again supports the 
recommendation to reduce the stimulus interval periods.  
The data collected in the simulator trial also suggests that some subjects can have eye closures 
and still react quite quickly to the device. It should be noted that the simulator trial could only 
be set up as a simple response task as the lights were situated above the buttons. In a practical 
situation, the device is set up so that the light signal is presented on the left of the steering wheel 
and the reaction buttons situated on the right. Thus the driver has a more complex task of Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 73 
deciding which button (left or right) requires responding to, and on the right side of the steering 
wheel. It is argued that the more complex task set up in the field would discriminate reaction 
times more accurately for operators that are at the stage whereby their eyes struggle to remain 
open. Figure 6 displays the sensitivity and specificity of the device as measured against the four 
levels of eye monitoring. The four levels of eye measures are shown on the ‘y’ axis, whereby 1= 
alert and open, 2 = frequent blinks, 3 = slow blinks and 4 = closed, closed/open or drooping 
eyelids. The last categories were amalgamated so that there were only four measures to plot 
against the four stages of the device. 
The boxplot shows that some slow responses are being recorded with subjects’ eye measured as 
alert. If eye monitoring technology was used, this would represent misses at a critical stage. The 
device, however, detects nearly all closed and closed/open eye measures as stage 3 or stage 4. 
Therefore, few misses occur and the device displays high sensitivity. Further, the misses shown 
in the data collected should be viewed within the context that the device was intended. That is, 
if an operator is being determined as tired whilst he/she is driving, they are encouraged to 
provide a countermeasure to avoid the consequences of driving tired. When this occurs in the 
field, the operator will generally take a break, have a nap or change tasks to one with a lower 
risk level. Ultimately, the operator should not continue to drive if they are tired. If this is the 
case, there will be very little opportunity for the device to ‘miss’ detecting a tired operator. Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 74 
26 37 41 318 N =
STAGE
4 3 2 1
E
Y
E
M
E
A
S
2
4.5
4.0
3.5
3.0
2.5
2.0
1.5
1.0
.5
59 83 160 388
232 222 185 176 172 140 98 42
323 220 204 142 141 137 135 134 131 125 124 121 117 116 115 114 113 112 13
420 419 417 396 227 189 95 52 30 6
191 190 188 177 99 86 55 27
 Figure 6: Stages of device against four eye measures. 
 
It is clear that the device gives few false alarms, according to the data collected in both the field 
and in the driving simulator. As previously mentioned, only one operator in the field suggested 
having a false alarm and the data obtained in the simulator suggests that very few false alarms 
would be obtained whilst an operator is alert. The eye measures of ‘alert’ and ‘frequent blinks’ 
as assessed in the simulator would be the only eye measures whereby a stage 3 or 4 warning 
would likely be a false alarm. As such, a total of 9.7% and 7.7% of all ‘alert’ and ‘frequent 
blink’ responses would be classified as false alarms. These were mainly due to the observer 
looking away from the visual field. This would not be an issue in the field as the device presents 
an audible stimulus as the visual stimulus is presented. Overall, the data suggests that the device 
has high specificity. 
4.4  Discussion of Validation Results 
Haworth (1999) notes that for a fatigue detection system to perform adequately, it must Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 75 
comprise a measure of fatigue, a standard for which to compare the value against and a means of 
communicating that a driver’s performance is reduced. The fatigue monitoring device that has 
been developed within this study monitors reaction time performance of operators in real-time. 
Although somewhat limited, the validation data shows a positive correlation between reaction 
times and measures of eye closure as detected by the monitor. It shows excellent generalisability 
with different subjects, mainly due to establishing personal baseline reaction times and testing 
against the personal measures in real-time. The device misses detecting a few eye closures but in 
an operational setting is designed to detect slow operators and put countermeasures (in 
conjunction with supervisors) in place before they get to a sleepy state. This fulfils all of the 
Haworth criteria. 
5  NIGHTSHIFTS IN SUCCESSION  
The ARRB FMD was utilised to test truck operator’s performance driving under successive 
night and day shifts. This study was funded by Coal Services Health and Safety Trust. Drivers 
were tested driving throughout their working shifts in real-time. The method builds upon the 
recent work undertaken at the Marandoo Iron Mine operation in North-West of Western 
Australia. Much of the information in the following Chapter has been released publicly by the 
Coal Services Health and Safety Trust. 
5.1 Methodology   
5.1.1 Subjects 
A total of 24 volunteers (haul truck drivers) were engaged in driving dump trucks fitted with 
ARRB Fatigue Monitoring Devices (FMD). There were 17 males and 7 females within the 
study. Ages ranged from 24 to 60 years old. Subjects were at a ‘fly in fly out’ operation that had 
very adequate sleeping arrangements within the camp. Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 76 
5.1.2 Apparatus 
The recently developed “Fatigue Risk Questionnaire” (Mabbott 2003, unpublished) was 
administered to all participants within the study at the mine site. The pen and paper test is self-
administered and attempts to capture a snapshot of the health and lifestyle of the individual. 
Scores are given for each item regarding the item’s likely influence on operator performance. 
The tool assists in the identification of obesity, poor diet, poor sleeping habits and possible sleep 
disorders. The information relating to the scoring of the questionnaire is the intellectual property 
of ARRB TR. 
The ARRB FMD was utilised as a measure of operator performance throughout the research 
study. All subjects were instructed on its use and briefed as to when the device should be turned 
off (e.g. device can be turned off if driving conditions become hazardous – heavy rain, fog, etc).  
Eight Caterpillar C777 rear dump trucks were fitted with FMDs, which represented two-thirds 
of the mine’s truck fleet. The devices were hard-wired into the trucks and had electrical inputs 
for reverse and park brake so that the device would disable when in either of the two motions 
(e.g. parked for dumping or reversing). A radio communications system was installed so that the 
devices could forward data from the trucks to a central personal computer for storage and 
downloading. This was made possible with Maxon 1-watt radios within the vehicles and a yargi 
and dipole situated on a hill to transmit packets of data to the central PC, housed at the 
management centre. Radio transmission was covered over three pits within a 13-kilometre 
distance. Data was downloaded on a weekly basis for storing and analyses (interim and final). 
The FMD operated in the same manner as in the Marandoo trial but with a reduction in the 
general stimulus-interval period. The periods were shortened in an attempt to capture more 
sleepy periods of driving than in the previous field studies and the driving simulator study. The 
standard interval was set at seven to ten minutes for Stage 1 of the system. Stage 2 reduced the 
period to four to six minutes apart, Stage 3 reduced it to two to four minutes and Stage 4 to less 
than two minutes. Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 77 
5.1.2.1 Device  Operation 
The FMD stimulus-reaction device operated as it did within the other three field studies. At 
Stage 3 and Stage 4, a warning signal was sent to the central unit for collection of the data. This 
was hidden from all mine personnel during the trial so that no warnings were seen by anyone. 
This level of warning was referred to as Fatigue Code 3 (FC3) or Fatigue Code 4 (FC4) 
respectively.  
5.1.2.2 Safety 
Operator safety was given highest priority within all parameters of the investigation. All drivers 
were instructed to turn the device off if it was thought to cause too much distraction at any time. 
This was in particular regard to comments about driving trucks in slippery conditions or where 
there was a large amount of small/heavy vehicle interaction. The safety of the system and its use 
was supported by feedback from operators at safety toolbox meetings held on site. 
5.1.3 Procedure 
5.1.3.1 Baseline  testing 
Baseline data were collected for each individual who operated the test trucks throughout the 
trial. It was measured at the start of shifts when the operators were expected to be freshest. 
During the baseline testing, the device only recorded the reaction time information and tests 
were only performed every 7 to 10 minutes apart.  
5.1.3.2 Real-Time  testing 
The FMD automatically switched to real-time testing after 20 baseline measures had been 
recorded. At this stage, all testing was conducted at the full potential of the device. In other 
words, slow reactions to stimuli presentations reduced the time between tests.  
5.1.3.3  Schedule of Work 
The site utilised for testing was the Carosue Gold Mine near Kalgoorlie in Western Australia. It Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 78 
is owned by Sons of Gwalia and is operated by MacMahons. The current hours of operation are 
day shift from 06:00 hrs to 18:00 hrs and night shift from 18:00 hrs to 06:00 hrs. Each shift is of 
12-hours duration. The roster was 14 consecutive night shifts followed by a day off, then 13 
consecutive day shifts. In total, operators would work for 27, 12-hour shifts over a 28-day 
period. Operators were assessed for at least two consecutive rosters of work, taking around 10 
weeks to obtain the data. In acknowledgment of the in-kind support offered by the mine, the 
organisation was offered solutions to any issues highlighted in the analyses of the data collected.  
5.2  Nightshifts in Succession Results 
A total of 24 operators commenced the research at the mine site, with a few dropping out along 
the way. In total, approximately 3,500 hours of real-time performance data were collected for 
the study. Where operators only participated for a few hours, their data were eliminated. Some 
data were also eliminated where an operator forgot to log-off at the end of his/her shift and the 
device tested an operator outside of the study. The remaining 3,225 hours of data were utilised 
for analyses. There was 1,723 hours of data taken from nightshifts and 1,501 hours taken from 
dayshifts. The data presented within the results pertains mainly to the nightshift operation as it is 
likely that chronic fatigue and a short changeover period between working at night to working at 
daytime has affected the results of the daytime data. A sample of daytime data is shown where 
appropriate. 
Thirteen operators returned their Fatigue Risk Questionnaires. Of those who returned their 
Fatigue Risk Questionnaires, seven (>50%) were obese as indicated by a body mass index over 
30. Further, two had serious sleep disorders (stopped breathing during sleep) and two had minor 
disorders such as snoring. 
There are two basic questions that required answering within this study: 
1.  What is the most important contributor to acute fatigue in open cut mining? Is it length of 
shift (e.g. 8 hours Vs 12 hours) or is it time of day (e.g. circadian effects)? 
2.  What is the limit of successive day or night shifts before chronic fatigue affects operator Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 79 
performance in open cut mines? 
5.2.1  Length of Work Shift versus Circadian Influence 
To answer the first question, only the data from the first nightshift were used. This was to avoid 
any possibility of operators commencing the second nightshift with cumulative fatigue, either 
from the work operation itself or the lack of quality sleep during the first daytime sleep session.  
If the length of shift (e.g. 8 Vs 12 hours) has an effect on operator fatigue, one would expect that 
performance would deteriorate throughout the course of the nightshift (especially after 8 hours 
of work). In this case, performance would be expected to be worse in the 12
th hour of work than 
the 11
th, which would be worse than the 10
th, and so on.  
If circadian effects were a stronger predictor of performance, then a performance decrement 
should be seen between the hours of midnight and 06:00 hrs. This would reflect data from sleep 
studies and some fatigue-crash studies. Figure 7 plots the performance data collected by the time 
of night to show how performance is affected over time. It has a ‘z-score’ line reflecting a 
circadian influence on performance. It is taken from Mabbott and Newman (2000), whereby the 
authors have weighted hours of work to reflect the circadian influence on crashes. Put simply, if 
the performance data follows the z-score, it would indicate that the circadian influence is 
present.  
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Night 1 - Performance by Time of Night
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Figure 7: Nightshift one performance data by time of night. 
 
Fatigue code 4’s (FC 4’s) has been used to demonstrate the most severe performance 
decrements throughout the night. This is where operators either did not respond to the stimulus 
presentation within three seconds, or they responded more than three standard deviations slower 
than their mean reaction time. Translated to safety terms, this would indicate a high potential 
incident for each of the FC 4’s shown, as operators are responding dangerously slow. The scale 
on the left indicates the average of all operators per hour over the time of night. For example, at 
around 00:30 hrs, there were just over two fatigue code 4’s per operator per hour. If all eight 
trucks were operational at the time, this would equate to 16 high potential incidents over the 
hour on average. The effect of a crib break is seen between 00:45 hrs and 01:30 hrs, however, 
the effect is short-lived and performance decrements reach their second peak through the night 
at around 01:45 hrs.  
It is clear from the performance data illustrated in Figure 7, that performance decrements peak 
approximately midway through the night and again shortly after the main crib break. This does 
not in any way support the argument that 12 hours of operation is more tiring than eight hours 
of work (on the first nightshift). In fact, the worst of the performance data is over by 03:30 hrs 
Peak high potential incidents 
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(9.5 hours of operation). There is a circadian influence present, as shown by the FC 4’s 
following the z-score trend. Although it is not a perfect fit, it illustrates that performance is 
highly affected by the circadian influence. 
5.2.2  Successive Nightshift Operations 
What is the limit of successive day or night shifts before chronic fatigue affects operator 
performance in open cut mines? To answer this second question, data were obtained and 
analysed for the successive nightshifts from night one through to night 14. Similar to the first 
question, there were likely to be different influences on operator performance. The most 
assumed of these influences would be the circadian influence and number of nights worked in a 
row. Figures 8 through 20 illustrate the successive nightshifts worked from night two through to 
night 14. At that point, the operators got a 24-hour break before commencing dayshift 
operations. 
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Figure 8: Nightshift two performance data by time of night. 
 
In this and subsequent Figures (8 to 20) fatigue code 4’s are shown, along with tests per 
operator per hour. Tests per operator per hour are shown to reflect the number of stimulus tests 
presented to operators. As drivers are tested more often when they react slowly, the tests per Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 82 
hour offers a general level of tiredness as opposed to the more severe FC 4’s. Once again, FC 
4’s are scaled on the left of the graph. Tests per hour are scaled on the right.  
Note a completely different pattern of performance decrement as opposed to the first nightshift 
performance data. Instead of showing a bimodal peak as in Figure 7, there appears to be a 
consistent few hours from 20:45 hrs to 00:45 hrs whereby operators show performance 
decrements. This appears to dissipate somewhat after the crib break and reaches a peak around 
04:45 hrs. This follows neither a circadian pattern nor a length of task pattern. 
 
Night 3 - Friday - Tests per hour
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
5
1
8
0
0
 
-
 
1
8
3
0
1
9
0
0
 
-
 
1
9
3
0
2
0
0
0
 
-
 
2
0
3
0
2
1
0
0
 
-
 
2
1
3
0
2
2
0
0
 
-
 
2
2
3
0
2
3
0
0
 
-
 
2
3
3
0
0
0
0
0
 
-
 
0
0
3
0
0
1
0
0
 
-
 
0
1
3
0
0
2
0
0
 
-
 
0
2
3
0
0
3
0
0
 
-
 
0
3
3
0
0
4
0
0
 
-
 
0
4
3
0
0
5
0
0
 
-
 
0
5
3
0
Time of Night
F
C
 
4
'
s
 
p
e
r
 
o
p
e
r
a
t
o
r
 
p
e
r
 
h
o
u
r
0
4
8
12
16
20
T
e
s
t
s
 
p
e
r
 
o
p
 
h
o
u
r
FC 4's
Tests
 
Figure 9: Night three performance data by time of night. 
 
Figure 9 shows that night 3 is almost the opposite of night 2, in that most of the performance 
decrements appear in the latter half of the night. There is a bimodal peak of FC 4’s, at 01:45 hrs 
and 03:45 hrs. This trend suggests that performance demonstrated a circadian influence. 
 Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 83 
Night 4 - Saturday - Tests per hour
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Figure 10: Night four performance data by time of night. 
 
Night four appears to be very similar to night three with most performance decrements 
following a circadian trend in the second half of the shift. 
Night 5 - Sunday - Tests per hour
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Figure 11: Night five performance data by time of night. 
 
Night five is a more consistant night regarding performance. It does not follow any trends 
regarding circadian influence or time on task. Interestingly, the first half of the night tends to be 
worse than the second half, regarding operator performance. This is shown on the tests per hour 
and FC4’s. Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 84 
Night 6 - Monday - Tests per hour
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Figure 12: Night six performance data by time of night. 
 
Night six is performed with few FC 4’s until 01:45 hrs and again near the end of the shift. This 
is one of the better performances over the successive nights thus far. 
Night 7 - Tuesday - Tests per hour
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Figure 13: Night seven performance data by time of night. 
 
There is a noticeable performance difference from the previous night (six) to the seventh. 
Performance decrements peak prior to midnight and a further two times between 01:45 hrs and Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 85 
04:30 hrs. The major peak is toward the end of the shift indicating that the circadian influence 
on this particular night is second to a stronger influence that may be time on task related. 
Overall, this is the worst performance night of the first seven. 
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Figure 14: Night eight performance data by time of night. 
 
Night eight is a better night performance-wise than night seven, with no peaks rising above 1 
FC 4 per operator per hour. Although better than night seven, there are still circumstances where 
operators are exhibiting an average of one high potential incident per hour for much of the 
night. It is counterintuitive that performance would be better after one more night of work. Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 86 
Night 9 - Thursday - Tests per hour
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Figure 15: Night nine performance data by time of night. 
 
Further improvement in performance is shown for night nine, whereby the peak in performance 
decrement is seen at 04:30 hrs. 
Night 10 - Friday - Tests per hour
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
5
1
8
0
0
 
-
 
1
8
3
0
1
9
0
0
 
-
 
1
9
3
0
2
0
0
0
 
-
 
2
0
3
0
2
1
0
0
 
-
 
2
1
3
0
2
2
0
0
 
-
 
2
2
3
0
2
3
0
0
 
-
 
2
3
3
0
0
0
0
0
 
-
 
0
0
3
0
0
1
0
0
 
-
 
0
1
3
0
0
2
0
0
 
-
 
0
2
3
0
0
3
0
0
 
-
 
0
3
3
0
0
4
0
0
 
-
 
0
4
3
0
0
5
0
0
 
-
 
0
5
3
0
Time of Night
F
C
 
4
'
s
 
p
e
r
 
o
p
e
r
a
t
o
r
 
p
e
r
 
h
o
u
r
0
4
8
12
16
20
T
e
s
t
s
 
p
e
r
 
o
p
 
h
o
u
r
FC 4's
Tests
 
Figure 16: Night ten performance data by time of night. 
 
Night ten shows the best performance data over the whole of the fourteen nights in succession. 
Note that only on one occasion do performance FC 4’s reach one per operator per hour (00:45 Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 87 
hrs). Otherwise, there is less than half an FC 4 per operator per hour for the remainder of the 
night. Intuitively, one would expect that the performance on night ten of successive 12-hour 
shifts would be significantly impaired compared to the earlier shifts. 
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Figure 17: Night eleven performance data by time of night. 
 
At night eleven, performance begins to decline again, with peaks above one FC 4 per operator 
per hour at 20:00 hrs – 20:30 hrs, 00:00 hrs – 00:30 hrs and 04:45 hrs. However, such 
performance is still better than performance during many of the earlier sessions. 
Night 12 - Sunday - Tests per hour
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Figure 18: Night twelve performance data by time of night.  Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 88 
 
Night twelve shows a return to performance as seen early in the sessions. Although neither a 
circadian nor time on task influence is demonstrated, there appears to be a constant fatigue issue 
through most of the night. Similar to the first Sunday night, there appears to be performance 
issues early in the night. 
 
Night 13 - Monday - Tests per hour
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Figure 19: Night thirteen performance data by time of night. 
 
Night thirteen shows the worse performance data of all sessions. It has the highest peak of 
performance decrements, indicating that if all trucks were running at 22:00 hrs, there would be 
approximately 24 high-potential incidents (3 per operator per hour x 8 trucks). A further 
disturbing peak occurs from 01:45 hrs and runs till approximately 03:30 hrs. It is surprising that 
many fatigue events are not being recorded on night 13 of operator’s shifts. Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 89 
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Figure 20: Night fourteen performance data by time of night. 
 
Following what can only be described as a very dangerous thirteenth night, night fourteen 
finishes off the nightshift roster with another dangerous performance. In this case there is a 
dangerous peak at 19:45 hrs, at a time where previous research has shown that people have 
some trouble attempting to get to sleep even after a night of sleep deprivation (Lavie, 1985). 
Lavie argued that there is a ‘forbidden zone’ for sleep centred on 20:00 hrs to 22:00 hrs, 
approximately an hour or two prior to the subject’s normal sleep onset time. This occurred in 
Lavie’s research even after a night of sleep deprivation. This may suggest that subjects within 
this study are beyond the influence of the equivalent of one night’s sleep deprivation. However, 
it must be noted that this study is measuring reaction performance and not sleep per se. Similar 
early fatigue occurrences (e.g., 20:00 hrs – 22:00 hrs) were also shown on nights 2, 5, 8 11, 12 
and 13. Two of these nights (5 & 12) were Sunday nights and operators mentioned they may 
have been tired due to not getting enough daytime sleep as football and rugby was on television 
when they should have been sleeping.  
Two information sessions with operators were conducted on site to discuss the findings. 
Importantly, operators stated that the data appeared to support how they felt whilst operating the 
haul trucks throughout the 14 nightshifts. This gave the FMD excellent face validity as the Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 90 
operators ‘believed’ what they saw. They also commented on some of the anomalies, such as the 
Sunday night performance. 
5.2.3  Finding the Limit of Successive Nightshifts 
Figure 21 below sets out the full 14 nightshifts and displays the average number of FC 4’s per 
operator per hour, which indicate the high potential incidents occurring at the trial site. It is easy 
to determine that nights 13 and 14 are potentially dangerous with over one high potential 
incident per operator per hour for night 13 and 0.7 high potential incidents per operator per hour 
on night 14. One might argue that if these two nights were removed, the pattern of reduced 
performance may transfer to nights 11 and 12. When discussed with operators, they mentioned 
that they tended to relax more and not fight tiredness so much as they knew they were close to 
the end of the night work. 
What then becomes of nights 2 and 7 as they are both worse nights for performance then any of 
the others within the first 12 nights? It is this type of anomaly that suggests that simply placing 
limits on nightshifts in succession may not go far to eliminating the risk of fatigue and reduced 
operator performance. In fact a misconception may be that fatigue will not be present in a roster 
where only a few nights in a row are conducted. The objective performance data collected 
within this study illustrates beyond any reasonable doubt that operators may get dangerously 
tired within the first two nights of rostered night shifts.  Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 91 
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Figure 21: Average FC 4 performance per operator per hour over entire fourteen nights of operation. 
 
5.2.4 Circadian  Factors 
It is interesting to note that operators within this study have performed poorly at times when 
circadian influences are expected to create a drive for sleep and also at times when humans are 
said to have a ‘forbidden zone’ for sleep even after sleep deprivation. This again suggests that it 
is unwise to presuppose that humans will get tired only in accordance with popular beliefs (even 
if well supported in research).  
Figure 22 clearly illustrates that a circadian influence is present. The graph shows FC 4’s per 
operator per hour for each of the night sessions (S1 – S14). The peak period for FC 4 responses 
is between midnight and 05:00 hrs. However, it is also clear that operators are getting tired 
before midnight on many occasions. From this graph it is suggested that circadian factors have a 
stronger influence on fatigue than do nights in succession, with the exception that nights 13 and 
14 are extremely poor throughout the whole shift. Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 92 
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Figure 22: FC 4’s plotted by time of day. Darker patches represent high potential for fatigue incidents. 
Session 1 through 14 (work periods) are shown on the right.  
 
5.2.5 Individual  Variability 
Hanowski et al. (2003), like others before them, have noted that a small percent of drivers 
contribute to a large percent of critical incidents. This being the case, the data were examined to 
determine what influence individual differences had on the critical incidents detected within this 
study. Figures 23 and 24 below show a sample of the individual variability within the sample of 
operators at the research site. The graphs show FC 4’s averaged over the full 14 nightshifts for 
the operator by time of night. It can easily be demonstrated that there are large differences 
between the two operators. Operator X, for example, averages around two FC 4’s on any given 
hour of the night. Further, the operator has severe problems around 01:45 hrs, when reaching an 
average of 6.5 FC 4’s for the hour. Operator Y, has a much better performance with fewer 
decrements per hour (between 0.5 & 1 per hour), than operator X.  Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 93 
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Figure 23: FC 4 average performance per hour over all nightshifts for operator X. 
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Figure 24: FC 4 average performance per hour over all nightshifts for operator Y. Note the large scale 
change on the left axis. 
 
A question not asked within this study is: ‘Can you predict an operator’s performance over 
successive nightshifts’? Referring back to the Hanowski study, whereby less than 25% of the 
drivers were responsible for more than 85% of critical incidents, it stands to reason that to have 
a form of performance prediction would be most useful. For example, if one could predict future 
performance of individuals, it would assist in fitting the person to the task or putting change 
management strategies in place. The data were analysed to determine what percent of operators Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 94 
contributed to the majority of high potential incidents as recognised by FC 4’s. It is noted that 
25% of the operators within this study contributed to 55% of the FC 4’s and 50% of the 
operators contributed to 80% of the FC 4’s. This allows us to determine where to focus attention 
to reduce the high number of FC 4 incidents. 
F 4's per hour versus FRQ -  Night Shift y = 0.0171x - 0.7323
R
2 = 0.6139
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Figure 25: Correlation between scores on the Fatigue Risk Questionnaire and high averages of FC 4’s. 
 
The use of the Fatigue Risk Questionnaire (FRQ) scores serves as a tool for predicting to some 
extent, those who are likely to be poor performers (or good performers). Figure 25 shows the 
significant positive correlation (r
2 (d.f.14) = 0.6139: p< 0.05) between high scores on the FRQ 
and high averages of FC 4’s for operators. This allows identification of those who are 
contributing the worst performance so that changes can be made. The operators within the study 
have received recommendations that may assist them to perform better. Two have also been 
recommended to a general practitioner to follow up on possible sleep disorders. 
5.2.6  Summary of Nightshifts in Succession 
There are several very interesting and important findings within this study. First, the data 
collected showed that for a single night of driving haul trucks, there appears to be no effect on 
performance from the amount of time on task (for the 12 hours). It was clear that the circadian 
influence had a stronger effect than working more than eight hours. Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 95 
The analyses undertaken to determine how many successive nightshift operations could be 
undertaken before becoming a safety issue, was considerably enlightening and somewhat 
counterintuitive. Common sense would suggest that as the number of successive nights 
increased, so would the number of high potential incidents. This was clearly not the case. Of the 
fourteen nights, nights thirteen, fourteen, seven and two respectively, were the worst.  
The major finding within this study is the combined influence of circadian rhythms and 
individual variability. It is somewhat comforting to note that a certain level of prediction can 
help to assist in determining who might present as a safety issue.  
5.2.7  Sample of Daytime Data 
A sample of daytime data is provided to illustrate a few concerns with moving from nightshifts 
to dayshifts with only one day in between to make the adjustment.  
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Figure 26: Day one performance data by time of day. 
Figures 26 and 27 illustrate that the transition from nightshift operation to dayshift operation has 
been anything but successful. It is clear that high potential incidents are occurring within the 
first few hours of the commencement of dayshift work. Further, the incidents continue through 
much of the day. Day two is similar and the performance decrements are again present through Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 96 
most of the shift. 
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Figure 27: Day two performance data by time of day. 
 
Further, similar to nightshift operations, some days (e.g. day eight) are particularly worse than 
others, while the following ninth day is a much better day for performance. Day eight is shown 
below in Figure 28. This graph shows serious performance decrements throughout the day and 
in particular, the afternoon, where it peaks at 3.5 FC 4’s per operator per hour. 
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Figure 28: Day eight performance data by time of day. Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 97 
 
Figure 29 below plots the FC 4 performance profile over the thirteen dayshift periods. Similar to 
Figure 22 for nightshifts, the plot allows performance to be shown through the time of day and 
for each of the 13 nights. There are clear circadian effects shown, as the dark patches indicating 
that FC 4’s are prominent in the afternoons between 12:00 hrs and 17:30 hrs. Also note the poor 
performance on day eight (S8). 
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Figure 29: FC performance data for all 13 dayshifts. Session numbers of successive day shifts are on the 
right. 
 
It appears from the graphs of daytime data, that performance for any of the days of operation 
following the 14 nights is very poor. It is clear that more time is required (post-nightshift) for 
operators to obtain rest and sleep before commencing a further 13 days of continuous operation. 
6 ALCOHOL  STUDY 
6.1  Alcohol and human performance 
Alcohol has a biphasic effect on the central nervous system, but its primary effect is one of 
depression (Wallgren and Barry, 1970) that causes sedation and reduces attention. The reticular Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 98 
activating system plays a critical role in maintaining cortical arousal and attention and is highly 
sensitive to low concentrations of alcohol. Complex behaviours, like driving, depend on the 
integrative functions of the reticular activating system for their precise execution and the 
sensitivity of these activities to alcohol impairment are believed to be mediated via the reticular 
activating system (Wallgren and Barry, 1970). 
6.1.1  Effects of alcohol on perception 
According to Wallgren and Barry (1970), visual acuity is relatively resistant to the effects of 
alcohol, although a minor decrease in acuity was reported in individuals with a blood alcohol 
level (BAL) between 100 and 125 mg/dl (Newman and Fletcher, 1940). Hearing acuity is also 
resistant to alcohol below BALs of 100-150 mg/dl (Wallgren and Barry, 1970). MacArthur and 
Sekuler (1982) found a 10-15% decrease in perception of movement at a mean BAL of 60 
mg/dl, but this is only for low speed movements, as perception of rapid movements are 
unaffected. 
Simple reaction time largely reflects perception rather than motor function. There is little 
evidence that alcohol consistently impairs simple reactions times below a BAL of 80 mg/dl 
(Wallgren and Barry, 1970). Between 80 and 100 mg/dl, about 10% decrease is observed and 
large decrements observed with BALs above 150 mg/dl. These indicate that alcohol exerts very 
little effect on perceptual acuity below a BAL of 100 mg/dl, but degree of impairment may be 
greater above this level. 
6.1.2  Effects of alcohol on sensorimotor coordination 
Pursuit rotor and tracking tasks (eye to hand coordination) are the best measure of sensorimotor 
coordination (Valeriote, Tong and Druding, 1979). They found a 10-12% reduction in pursuit 
rotor tasks at a mean BAL of 65 mg/dl. Also, there is greater decrease in performance of the 
non-dominant hand than the dominant hand, suggesting that alcohol may exert greater 
impairment in the non-dominant hemisphere of the brain. 
Previous studies have suggested that highly practiced skills are more resistant to the effects of Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 99 
alcohol than less practiced ones (Carpenter, 1962). However, a study by Linnoila (1979) 
indicated that there was relatively little effect on continuous tracking ability in simple tasks. But 
when the study was designed to mimic responses required for evasive manoeuvres in driving, 
there was an increase in the number of errors with increasing doses of alcohol. There were more 
errors committed by subjects aged 35-45 than or those aged 20-25 at all levels tested, including 
the baseline of zero BAL. The results show the need to assess individual differences in 
susceptibility to alcohol effects and the importance of variables such as age and sex in studies 
on the CNS effects of alcohol (Mitchell, 1985). 
6.1.3  Effects of alcohol on divided attention and vigilance skills 
The effects of alcohol on simple reaction times are minor and no appreciable impairment is seen 
below BALs of 80 mg/dl (Mitchell, 1985). Choice reaction times require an element of decision 
making in responding to presented stimuli, and correctness of response and speed can be 
measured. Studies that compared directly simple and choice reaction times indicated a greater 
effect of alcohol on choice than simple reaction times (Wallgren and Barry, 1970).  However, 
the results were not significant below a BAL level of 80 mg/dl. Increased task difficulty with 
greater stimulus uncertainty revealed 10-15% decrease in response time with BALs above 90 
mg/dl (Huntley, 1973). 
With divided attention tasks, where the subject is required to perform both a tracking manoeuvre 
and reaction time, the effect of alcohol can be detected at BALs between 50 and 80 mg/dl 
(Burns and Moskowitz, 1980), with a significant degree of impairment. Vigilance tasks measure 
the ability to concentrate attention on a task for prolonged periods, and the response times for 
correct responses were increased and accuracy reduced in subjects with BALs off 60-100 mg/dl 
(Linnoila et al. 1980). The results were related in part to drowsiness in subjects. 
6.1.4  Effects of alcohol on fatigue in relation to driving 
The multifactorial nature of traffic crashes is often overlooked by both authorities and 
investigators (Corfitsen, 1986). While most studies attribute 40-55% of highway fatalities solely Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 100 
to alcohol intoxication, it is likely that fatigue also contributes to a large proportion of these 
crashes (Schwing, 1990). The involvement of alcohol may mask the presence of fatigue and the 
reverse may also be true, as the interactions between alcohol and fatigue may be subtle. 
Landauer and Howat (1983) found that alcohol can cause drowsiness at blood-alcohol 
concentrations (BACs) which are well below the limits for drivers and residual sedative effects 
may persist long after alcohol has been completely eliminated from the blood. 
Since many of the manifestations of fatigue and alcohol intoxication are similar, a consensus 
was found that both fatigue and alcohol reduced driver information-processing capacity and 
increased vehicle control variability (Ryder, Malin and Kinsley, 1981). Complex decision-
making tasks were also more susceptible to alcohol, but simple tasks were more readily affected 
by fatigue. 
The notion that the rate of information or stimulus processing is important in driving is intuitive. 
Behavioral tasks that measure attention and choice involve information processing, and is 
important in learning and memory. Moskowitz and Roth (1971) found that rates of information 
processing are impaired by alcohol, as it lengthened reaction times to a statistically significant 
10-15%. 
Reaction time has been found to decrease progressively over time both during prolonged driving 
and in performance on vigilance tasks (Mascord and Heath, 1992). Reaction time also depends 
on the dose and task complexity (Moskowitz and Robinson, 1988), as simple reaction time is 
relatively resistant to effects of alcohol. As mentioned, complex tasks are more susceptible to 
the effects of alcohol, and this can be detected at BACs as low as 0.03 g/100ml (Palva, Linnoila, 
Routledge and Seppala, 1982). 
Tzambazis and Stough (2000) tested 16 subjects at BAC levels of 0.05% on Inspection Time 
(IT), simple and complex reaction time (RT) and the Wechsler Adult Intelligence Test – 
Revised (WAIS-R). When each subject reached 0.05% BAC, they were tested on the WAIS-R 
subtests, the simple RT, complex RT and the IT tasks. Subjects reacted significantly slower on 
three of the seven WAIS-R subtests and on all of the IT, simple RT and complex RT tasks. Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 101 
Importantly, impairment of complex RT tasks was higher than that found on the simple RT task 
(p<0.005 compared to p<0.05 respectively).  
Tracking tasks are measures of perceptual-motor ability which are analogous to steering a 
vehicle (Moskowitz, 1973). An alert, vigilant driver smoothly tracks the road geometry by 
making fine steering adjustments. A fatigued driver, however, makes fewer fine adjustments and 
is forced to make more compensatory tracking responses. These coarse variations in lateral 
displacement often lead to an obvious meandering steering pattern (Seko, Kataoko and Senoo, 
1986).  
Pursuit tracking tasks, which require concomitant attention to two or more information sources, 
are sensitive to alcohol with substantial impairment occurring at BACs of 0.05 g/100ml or even 
as low as 0.02 g/100ml (Moskowitz, Burns and Williams, 1985). 
Divided attention tasks are measures of the ability to attend to and process information coming 
from more than one source selectively, and the ability to divide attention efficiently is impaired 
by both fatigue and alcohol. Impairment can be detected at BACs of 0.05 g/100ml (Moskowitz 
and Robinson, 1988) and BACs as low as 0.015 g/100ml. 
6.1.5  Summary of effects of alcohol on CNS 
There are a few points to take note of when determining the effects of alcohol on CNS function. 
The degree of the impairment is dose related, but not identical or strictly linear for all 
behaviours. Alcohol-related impairment of behavioral skills involved in driving is greatest for 
those tasks that require cognitive functioning; simple perception alone is least affected. 
Impairment of cognitive functioning, which includes information processing and decision 
making under conditions of divided attention is evident at BALs about 50 mg/dl. 
In conclusion, studies on the effects of alcohol on driving show ‘excessive’ use of control 
manoeuvres and impaired performance. The effects of both fatigue and alcohol are difficult to 
distinguish as they share almost similar impairment to various CNS functions. Reaction time in 
driving plays an important factor as the effects of alcohol and fatigue can slow down reaction Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 102 
time, thus causing the driver to be more susceptible to accidents. 
6.2 Alcohol  Methodology 
An alcohol comparison was utilised to enhance the face validity of the data produced while 
testing drivers during day and night driving operations. Fourteen subjects were recruited from 
contacts established through Murdoch University and ARRB Transport Research Ltd. Ages 
ranged from 19 years old to 52 years old. One subject dropped out of the trial after the first 
alcohol session. Occupations ranged from clerical duties, students, truck driver, chef, masseur, 
engineer and policeman. 
Subjects had to meet the following stringent criteria. 
1.  They were not taking prescription or social drugs at the time of testing; 
2.  They had never suffered head trauma; 
3.  They had never presented with a psychological or psychiatric illness; 
4.  They were not undergoing medical treatment for anything at the time of testing; 
5.  They regularly drank at least five standard drinks per week; 
6.  They had no known medical conditions at all (e.g. high blood pressure, diabetes, heart 
problems, etc), that may place them at any risk if they undertook the study, and 
7.  They have never presented, or suffered from an alcohol dependency. 
These conditions seriously reduced applicants’ chances of taking part in the trial. A copy of the 
criteria is provided in Appendix 1. 
6.2.1 Apparatus 
A STISIM driving simulator, comprising a half of a small Ford motor vehicle placed in front of 
a screen that had a scenic image projected onto it. The image had a refresh rate of every two Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 103 
seconds. The scene was a wide country road through slightly undulating hills. The drive was 
designed to last approximately 20 minutes. A central PC that recorded vehicle movements made 
by the driver, such as headway speed and lane position controlled the system. The driving 
simulator was utilised as a primary task and an ARRB FMD was used as a secondary task, thus, 
the driving performance data were used only to ensure that the FMD tasks did not reduce the 
capabilities of the driving task. 
A Lion’s Alcolmeter was utilised to record blood alcohol content during the testing.  The device 
was calibrated at the WA Police Service ‘Breath Analysis Section’ on 6 January 2003, using an 
Alcotech AR200C equilibrator Serial Number 96001 and a certified 0.100% ethyl alcohol 
solution heated to 34°C + 0.1°C. The instrument was calibrated to indicate a result of 0.100 
grams of alcohol in 100 millilitres of blood + 0.005 grams of alcohol in 100 millilitres of blood. 
A copy of the calibration report is provided in Appendix 2. 
6.2.2 Procedure 
Subjects drove in the simulator for a two-hour period between 16:00 hrs and 20:00 hrs. In this 
time they collected baseline performance data whilst remaining totally alcohol-free. Each 
subject would then drive for two further two-hour sessions whilst becoming intoxicated. A 
counterbalanced design was utilised and subjects were tested between 20:00 hrs and 22:00 hrs, 
and 22:00 hrs and 00:00 hrs on a night a week apart. This was to compare whether or not the 
time of night had any influence on the intoxication performance. It was hypothesised that a 
fatigue-effect might be seen between the two alcohol sessions. 
Within each of the alcohol sessions, subjects would drink vodka and orange/passionfruit 
carbonated soft drink. The aim was to get each subject intoxicated to approximately 0.05% BAC 
within the two hours of testing. Nearly all tests were performed on an ascending BAC. Subjects 
were progressively tested on a Lion’s Alcolmeter and records of blood alcohol content (BAC) 
were made with time of night. This was to later correspond to performance through the sessions. 
Subjects were driven home on all occasions after the alcohol sessions and were advised to not Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 104 
drive the following morning depending on the level of BAC reached during the testing. 
6.3 Alcohol  Results 
One male subject only tested once as he vomited after his first alcohol study session. One other 
female subject pulled out approximately half way through her second alcohol trial. Most 
subjects reached just under 0.05% BAC, with a few reaching higher BAC levels. One subject 
made 0.1% BAC. 
Subjects were BAC tested approximately every fifteen minutes during the testing. At each test, 
they would be asked if they felt they should still drive. Out of 27 alcohol sessions, all but on one 
occasion, subjects said they would stop driving at 0.02%BAC. Most commented that they didn’t 
feel they were performing too well and would not like to be driving on the road in the condition 
they were in. 
In total, 28 hours of control data were collected and 54 hours of alcohol experimental data. 
There were 28 hours of data for between 20:00 hrs and 22:00 hrs, and 26 hours of data for 
between 22:00 hrs and 00:00 hrs. 
Data were recorded for all responses to the performance tests. The output data would include 
responses for ‘incorrect’ (e.g. left arrow and hit right button) and responses that were more than 
one, two or three standard deviations slower than the subject’s mean response data. There 
appeared to be a few speed/error trade-offs, whereby subjects would attempt to respond quickly 
but in the attempt, hit the wrong response button. Figure 30 below shows the general results of 
all measures of incorrect or slow responses for all subjects over all alcohol testing periods. The 
results are shown as errors and slow responses per driver per hour.  Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 105 
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Figure 30: General errors and slow responses by BAC levels. 
Note the rapid rise in slow and incorrect responses at BAC of 0.02%. It is interesting that after 
the sudden rise in errors and slow responses at 0.02% BAC, a better performance is shown up 
until 0.04% BAC. It again increases at 0.05% BAC. The initial return to better performance at 
0.03% BAC indicates that the drivers may have realised they were not performing well at 0.02% 
BAC and adjusted their focus between primary and secondary tasks. If this is the case, they 
would have been focussing less on the driving task and more on responding correctly and 
quickly. This trade-off may not have been possible for subjects once they reached 0.05% BAC, 
as both their performance on the driving simulator was slightly reduced and their reaction 
performance was significantly reduced. 
As there were only a few hours of data for subjects driving at 0.07% and 0.08% BAC, the data 
reflects a few individuals who were generally more experienced at drinking, thus, more 
experienced at managing the effects of the BAC. Therefore, all data corresponding to BAC over 
0.06% should be considered as not representative of the whole group. Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 106 
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Figure 31: Slow performance responses by BAC. 
 
Figure 31 shows all slow responses that were recorded during the alcohol treatment sessions. An 
FC 2 response is one standard deviation (SD) slower than baseline; an FC 3 is two SD slower 
than baseline and an FC 4 response is one indicating three SD slower than baseline responses. 
Of these measures, the extreme responses tend to reflect the general results of all errors and 
slow responses as shown in Figure 25. Again, there is a sudden increase at 0.02% BAC, which 
then decreases and rises again at 0.05% BAC.  
The following figures (Figure 32 and Figure 33) illustrate the different performance patterns due 
to alcohol intoxication between an early night (20:00 hrs – 22:00 hrs) and a late night (22:00 hrs 
– 00:00 hrs). The responses in the early session indicate that subjects are quite affected at 0.02% 
BAC but are able to recover from 0.03% BAC to 0.04% BAC. At 0.05% BAC and above, most 
subjects are not too capable of responding quickly at all. 
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Figure 32: Slow performance responses between 20:00 hrs and 22:00 hrs. 
 
Slow Responses per Operator per Hour by BAC - post 2200 hrs
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Figure 33: Slow performance responses between 22:00 hrs and 00:00 hrs. 
 
It is interesting to note that after 22:00 hrs, most subjects show performance decrements 
between 0.02% BAC and 0.05% BAC. It could be argued that most subjects tend to be affected 
by both the alcohol and time of day effects. It appears that even light levels of intoxication have 
detrimental effects later during the night. Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 108 
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Figure 34: Comparative performance effects of alcohol pre- and post- 22:00 hrs. 
 
Figure 34 shows the disparity between the two alcohol sessions. The results for all errors and 
slow responses indicate that performance is not as poor early in the night unless a reasonably 
high BAC is reached (after the initial 0.02% BAC). However, later at night, low levels of BAC 
seriously affect performance. 
6.4  Summary of Alcohol Study 
The first question to answer regarding alcohol and reaction times is whether or not the ARRB 
FMD can detect performance decrements due to alcohol intoxication. Clearly, this is the case. 
The fact that on 26 out of 27 occasions the driver stated they would hand over their keys and not 
drive at 0.02% BAC, adds much face validity to the use of the device as a performance measure. 
The FC 4’s used as a measure of high potential incidents within the study, are found at blood 
alcohol concentrations of 0.02%. This adds strong support for setting alcohol tolerance levels at 
0.02% BAC for the mining industry, as the corresponding level of performance can be 
considerably poor for some drivers. Similarly, if the ARRB FMD technology is utilised within 
any mining situation, there is strong evidence that the parameters of FC 4’s equates to the Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 109 
performance of drivers with a blood alcohol concentration of between 0.02% BAC and 0.05% 
BAC.  
7 CONCLUSIONS   
The findings of these research studies are of significant importance to the mining industry. It has 
provided the first real set of objective performance data for the Australian mining industry that 
has been taken from within the industry itself. It is a large amount of data (3,200 + hours), 
which lends itself to scientifically valid interpretation. It would be wise to continue gathering 
such data at every opportunity to help in the continuing determination of ways to manage 
fatigue and performance. 
Of the fourteen nights worked at the Kalgoorlie mine site, nights thirteen, fourteen, seven and 
two respectively, were the worst. This presents a conundrum for policy makers who may like to 
place caps on working hours or rosters in the hope that it will alleviate the fatigue issue. It will 
not. The major finding within this study is the combined influence of circadian rhythms and 
individual variability. The lifestyle habits and the health of individuals have a profound effect 
on operator performance as shown by the strong positive correlation between high fatigue risk 
scores and poor performance. An individualistic approach would appear to have the best chance 
of reducing high potential incidents due to fatigue through successive nightshifts. 
The research findings of this thesis are an important contributor to the fatigue research to date. 
The results of the Successive Nightshifts project provides a challenge to contemporary research, 
generally contending that four successive nightshifts is the limit before humans get tired enough 
to be at serious risk of crashing. It is clear that some individuals will have fatigue incidents 
within a few hours of starting a nightshift, especially if they have had an inappropriate amount 
of sleep the previous night. The research undertaken provides clear evidence that some humans 
are capable of performing multiple nightshifts in succession at a reasonable level of safety, 
providing the living conditions are appropriate and the subject is a healthy individual. The 
results also indicate that the human circadian cycle and lifestyle health and habits contribute as Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 110 
much, if not more, to the risk of fatigue driving than simply time on task. 
7.1  Future of the Fatigue Monitor 
Although the field trials had many issues, sufficient evidence has become available to assess the 
practical utility of the device in the field. It was clear that drivers did not like to be monitored by 
video cameras. Fortunately, this was only a requirement of the trial to capture data to assess the 
validity of the fatigue monitors. It does, however, cast serious doubt over the practical utility of 
eye monitoring devices that are being developed to monitor sleepiness.  
It is evident that the use of the fatigue monitors requires the support of focussed personnel on 
site. This is necessary, as the operators need to feel they can liaise with supervisors and adopt 
countermeasures if detected as drowsy while at work. Further, relevant policies and support for 
a change of culture away from ‘macho images’ is very useful if utilising the device. 
On a continuing program, patterns of data for each individual could be mapped over roster 
periods and used to establish where changes might benefit the operator. This would be utilising 
a risk-management approach, whereby, after recognising the risk of fatigue, countermeasures 
could be put in place and continuously monitored to determine the effectiveness of the change.  
On another note, large amounts of performance data can be captured through use of the device. 
For example, if 10 trucks were fitted with devices, ran for 24 hours with minimal stoppages, and 
collected data for all drivers, it is possible to obtain 16,800 hours of real-time test data in just 10 
weeks. This amount of data would easily lend itself to analyses of shift and roster patterns for 
the mining industry, taking into account major differences in groups of workers, such as ‘fly-in-
fly-out’, residential, open cut, underground, forward rotating rosters, backward rotating rosters, 
etc. Vast amounts of data would be required to make informed assessments of ‘best practice’. 
However, this would be possible through use of the device. Until now such decisions have been 
based upon mainly subjective data. Monitoring Device for Early Warning Signs of Operator Fatigue in Open Cut Mines 111 
7.2 Recommendations 
The findings clearly indicate that placing limits on successive nightshifts will not in itself 
alleviate the fatigue problems that are present during nightshift operations. In fact it could be 
argued that people may rely on limits to avoid the consequences of fatigue, rather than 
investigating other causal factors. The data collected from the fatigue monitoring devices, 
together with the fatigue risk scores and anecdotal evidence; create a strong case for arguing that 
each operator takes to work health and lifestyle issues that impact on their subsequent 
performance. This is then compounded by circadian influences through the circadian trough 
(midnight to dawn), but may also manifest itself through other parts of the evening that are 
normally considered as a ‘high arousal’ period.  
It would be wise to continue gathering such data at every opportunity to help in the continuing 
determination of ways to manage fatigue and performance. Much of the current data has been 
obtained from a fly-in, fly-out site, whereby operators get adequate opportunity to obtain 
restorative sleep between shifts. Data needs to be captured from other sites that have nearby 
community living and fewer shifts for which to compare the data. This will assist to develop a 
more reasoned understanding of the number of successive nightshifts before performance begins 
to deteriorate below acceptable safety levels. Until such time, operators should be viewed as 
individuals and it should be accepted that their performance will vary from other operators and 
at different times of the day/night. This will not be managed by limits on operations. 
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Appendix 1 – Consent Form 
Driving simulator research consent form 
13 January 2003 
 
 
Driving simulator research 
In conjunction with Assoc. Prof. Hartley, I am about to commence research involving driving 
whilst intoxicated on the driving simulator at Murdoch University. Subjects will be required to 
drive for a two-hour no treatment session, followed by two, two-hour alcohol treatment 
sessions. Each subject will receive reimbursement of the equivalent of one-day casual wage 
($120.00 less tax) for undertaking the trials. As you can imagine, strict criteria will apply to the 
selection of subjects for the trial, due to the risks associated with intoxication. This consent 
letter is to indicate that you have agreed to undertake this study acknowledging that to the best 
of your knowledge you meet the following criteria: 
1  That you are not currently taking prescription or social drugs; 
2  That you have never suffered head trauma; 
3  That you have never presented with a psychological or psychiatric illness; 
4  That you are not currently undergoing medical treatment for anything; 
5  That you have no known medical conditions at all (e.g. high blood pressure, diabetes, 
heart problems, etc), that may place you at any risk if you undertake the study, and 
6  That you have never presented, or suffered from an alcohol dependency. 
All information relating to subjects will be kept strictly confidential and personal results will not 
be made available to anyone including the subjects. You may wish to pull out of the study and 
may do so at any time without prejudice. You may also wish to contact Assoc. Prof. Hartley on 
9360 2398 or myself on 9227 3000 if you require any further information. 
Yours  sincerely,     Subject 
       Please  sign  …………………………. 
Nick  Mabbott       Please  print  ………………………… 
Ph.D candidate 
Senior Research Scientist,         Date ………………………………... 
ARRB Transport Research Ltd. 
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